CO 

"a- 
o 

CO 



(19) 



J 



(12) 



(43) Date of publication: 

05.03.1997 Bulletin 1997/10 



Europaisches Patentamt 
European Patent Office 
Off ice europeen des brevets (11) EP 0 760 461 A1 

EUROPEAN PATENT APPLICATION 

(51) IntCI. 6 : G01C 19/72 



(21) Application number: 96117866.2 

(22) Date of filing: 28.05.1993 



(84) Designated Contracting States: 
DE ES FRGBIT NLSE 

(30) Priority; 29.05.1992 US 890938 
16.04.1993 US 49185 

(62) Document number(s) of the earlier application(s) in 
accordance with Art. 76 EPC: 
93914278,2 / 0 642 654 

(71) Applicant: HONEYWELL INC. 
Minneapolis Minnesota 55408 (US) 

(72) Inventors: 

• Blake, James N. 
College Station, Texas 77845 (US) 



• Feth, John R. 

Phoenix, Arizona 85023 (US) 

• Szafraniec, Bogdan 

Cave Creek, Arizona 85331 (US) 

(74) Representative; Herzbach, Dieter, Dipl.-lng. et al 
Honeywell Holding AG, 
Patent- und Lizenzabteilung, 
Kaiserleistrasse 39 
63067 Offenbach am Main (DE) 

Remarks: 

This application was filed on 07 - 11 - 1996 as a 
divisional application to the application mentioned 
under IN ID code 62. 



(54) Rotation sensor 

(57) An optical fiber rotation sensor having an ordi- 
nary single mode fiber coil (10) with a depolarizer (10') 
in series therewith configured with component optical 
path lengths therein and birefringent axes relationships 
therein chosen with respect to the source autocorrela- 



tion. Amplitude related phase errors due to polarization 
mode coupling can be eliminated or reduced economi- 
cally, and signal fading can be substantially prevented. 




BIAS 
MODULATION 



PHASE 
DETECTOR 



CL 
LU 



BNSDOCID: <EP 076046tA1J_> 



Primed by Rank Xerox (UK) Business Services 
2.13.16/3.4 



EP0 760 461 A1 



Description 

The present invention relates to fiber optic gyroscopes used for rotation sensing and, more particularly, to interfer- 
ometric fiber optic gyroscopes. 
s Fiber optic gyroscopes are an attractive means with which to sense rotation. They can be made quite small and still 

be constructed to withstand considerable mechanical shock, temperature change, and other environmental extremes. 
In the absence of moving parts, they can be nearly maintenance free, and they have the potential to become econom- 
ical in cost. They can also be sensitive to low rotation rates which can be a problem in other types of optical gyroscopes. 
There are various forms of optical inertial rotation sensors which use the well-known Sagnac effect to detect rota- 
te Won about a pertinent axis thereof. These include active optical gyroscopes which have the gain medium contained in 
an optical cavity therein, such as the ring laser gyroscope, and passive optical gyroscopes without any gain medium in 
the primary optical path, such as the interferometric fiber optic gyroscope and the ring resonator fiber optic gyroscope. 
The avoidance of having the active medium along the primary optical path in the gyroscope eliminates some problems 
which are encountered in active gyroscopes, such as low rotation rate lock-in, bias drift and some causes of scale factor 
is variations. 

Interferometric fiber optic gyroscopes typically employ a single spatial mode optical fiber of a substantial length, 
typically 100 to 2,000 meters; which length is formed into a coil by being wound on a core to form a closed optical path. 
An electromagnetic wave, or light wave, is introduced and split into a pair of such waves to propagate in opposite direc- 
tions through the coil to both ultimately impinge on a photodetector. Rotation about the sensing axis of the core, or the 

20 coiled optical fiber, provides an effective optical path length increase in one rotational direction and an effective optical 
path length decrease in the opposite rotational direction for one member of this pair of electromagnetic waves. The 
opposite result occurs for the remaining member of the pair of electromagnetic waves for such rotation. Such path 
length differences between the pair of electromagnetic waves introduce a phase shift between those waves in interfer- 
ometric fiber optic gyroscopes in either rotation direction, i.e. the well-known Sagnac effect. The use of a coiled optical 

25 fiber is desirable because the amount of phase difference shift due to rotation, and so the output signal, depends on the 
length of the entire optical path through the coil 

traversed by the two opposing directional electromagnetic waves. Thus, a relatively large phase shift difference can be 
obtained in a long optical fiber, but also in the relatively small volume taken by that fiber in its being coiled. 

The output current from the photodetector system photodiode in response to the opposite direction traveling elec- 

30 tromagnetic waves impinging thereon, after passing through the coiled optical fiber, follows a raised cosine function, 
that is, the output current depends on the cosine of the phase difference between these two waves; Since a cosine func- 
tion is an even function, such a output function gives no indication as to the relative direction of the phase difference 
shift, ad so no indication as to the direction of the rotation about the axis. In addition, the rate of change of a cosine func- 
tion near zero phase value is very small, and so such an output function provides very low sensitivity for low rotation 

35 rates. 

Because of these unsatisfactory characteristics, the phase difference between the two electromagnetic waves is 
usually modulated by placing an optical phase modulator on one side of the coiled optical fiber. As a result, one of the 
opposite direction propagating waves passes through the modulator just after entering the coil, while the other wave, 
traversing the coil in the opposite direction, passes through the modulator just before exiting the coil. In addition, a 

40 phase sensitive demodulator is provided to receive the photodetector output current. Both the optical phase modulator 
and the phase sensitive demodulator are typically operated by a sinusoidal signal generator, but other waveform types 
of a similar fundamental frequency can also be used. 

The resulting signal output of the phase sensitive demodulator follows a sine function, i.e. the output signal 
depends on the sine of the phase difference between the two electromagnetic waves impinging on the photodiode, pri- 

45 marily the phase shift due to rotation about the axis of the coil. A sine function is ah odd function having its maximum 
rate of change at zero, and so changes algebraic sign on either side of zero. Hence, the phase sensitive demodulator 
signal can provide both an indication of which direction a rotation is occurring about the axis of the coil, and the maxi- 
mum rate of change of signal value as a function of rotation rate near a zero rotation rate. That is, the signal has its max- 
imum sensitivity near zero phase shift so that its output signal Is quite sensitive to low rotation rates. This is possible, of 

so course, only if phase shifts due to other sources, that is, errors, are made sufficiently smaii. In addition, this output signal 
in these circumstances is very close to being linear at relatively low rotation rates. Such characteristics for the output 
signal of the phase sensitive demodulator is a substantial improvement over the characteristics of the output current of 
the photodetector. 

Reducing erroneous phase shifts from other sources is. however, a difficult problem in fiber optic gyroscopes. 
55 Avoidance of erroneous phase shifts in the electromagnetic waves reaching the photodetector requires that each of the 
interfering waves, at least those of the same wavelength, have traveled over the same optical path, that is, the electro- 
magnetic wave of a wavelength associated with a clockwise direction of travel from the coil and the one of the same 
wavelengths associated with the counterclockwise direction of the coil each must travel over an indistinguishable optical 
path from the source to the photodetector absent any rotation of the coil. A system with this characteristic is often 
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termed "reciprocal." At a minimum, the optical paths corresponding to the common wavelength clockwise electromag- 
netic waves and counterclockwise electromagnetic waves must be identical on an optical ray tracing basis in the 
absence of rotation. In meeting this requirement, a "minimum reciprocal configuration" has been found to be as shown 
in Figure 1 in connection with the coiled optical fiber, 10, shown there. Coiled optical fiber 10 in Figure 1 is, as indicated 

5 above, wound about a core or spool using primarily an ordinary single spatial mode optical fiber wrapped about an axis 
thereof which becomes the axis about which rotation is to be sensed. The use of such a single mode fiber allows the 
paths of the electromagnetic waves to be defined nearly uniquely, and further allows the phase fronts of such a guided 
wave to be delined uniquely. This greatly aids in maintaining reciprocity. 

However, the optical fiber in coil 1 0 is not entirely ordinary single spatial mode optical fiber because of a depolarizer 

io included relatively near one end thereof, although this depolarizer could be located anywhere in coil 10. The ordinary 
single spatial mode optical fiber used in a very great fraction of coil 10 is subject to having changing birefringence 
therein introduced by mechanical stress changing with temperature, and by the Faraday effect in magnetic fields. This 
changing birefringence will lead to randomly varying polarization rotations of the beams passing therethrough even to 
the extent of being so great that the interference of those beams at the photodetector vanishes. One method for solving 

75 this problem is the use of so-called polarization-maintaining optical fiber exhibiting a high birefringence in place of the 
ordinary single spatial mode fiber without such marked birefringence. The significant birefringence constructed into 
such a fiber (eaves birefringence changes from other sources being relatively insignificant 

However, such polarization-maintajnjng optical fiber is relatively expensive so that there is a substantial desire to 
be able to use just ordinary single spatial mode optical fiber. That desire can be satisfied with the use of a depolarizer, 

20 10', located within coil 10 and shown in Figure 1 to be positioned near one end in coil 10 for ease of winding that coil. 
Such a depolarizer tends to closely equalize the electromagnetic wave intensities in, and decorrelate, the two orthogo- 
nal polarization modes permitted therein and overwhelm the effects of the randomly changing birefringence in the ordi- 
nary single spatial mode fiber in the rest of coil 10 thus preventing such opposing direction beam interference at the 
optical subsystem output photodiode from vanishing. 

25 Such a depolarizer can be formed with two lengths of polarizatjon-maintaining fiber, 10" and 10"', with the latter 

being substantially twice as long as the former to thereby cause approximately twice the optical delay caused by the 
other. In each of these lengths, there is a high refractive index axis. i.e. the slower propagation axis or the "x" axis, and 
a low refractive index axis, i.e. the faster propagation axis or "y" axis, which are orthogonal to one another. The lengths 
are joined in a fused sphce in such a manner that the "x" axis in one length is approximately equidistant from the "x" and 

30 "y" axes in the other length, i.e. the "x" axis in the former is at 45? from each of the V and y axes in the other. The 
opposite ends of each of the depolarization fiber lengths are then spliced by fusing to corresponding portions of the sin- 
gle spatial mode ordinary optical fiber in coil 10 so that a beam of light, propagating through any of the depolarizer or 
either of the single spatial mode ordinary optical fiber portions, substantially propagates through all of them. 

Coil 10 with depolarizer 10' is typically wound on a spool using the "quadripole" technique so that similarly located 

35 points in the coil with respect to center are near one another. This reduces the effects of time-varying phenomena, such 
as thermal gradients, from affecting opposite direction propagating electromagnetic waves differently from one another. 

The electromagnetic waves which propagate in opposite directions through coil 10 are provided from an electro- 
magnetic wave source, or light source, 11, in Figure 1. This source is typically a superluminescent diode or, alterna- 
tively, a laser diode operating below its threshold for stimulated emission, either of which provide electromagnetic waves 

40 typically in the near-infrared part of the spectrum with a typical wavelength of 830 nm. Source 11 must have a short 
coherence length for emitted light to reduce the phase shift difference errors between these waves due to Rayleigh 
scattering at scattering sites in coil 10. Because of the nonlinear Kerr effect in coil 10, differing intensities in the two 
propagating waves can a!so lead to phase difference shifts therebetween. This situation can also be aided by the use 
of a short coherence length source fqr source 1 1 which leads to modal phase shift canceling. Rayleigh scattering and 
45 the nonlinear Kerr effect lead to non- reciprocal phase shifts between the counter-rotating electromagnetic waves in coil 
10 even in a minimum reciprocal configuration. A superluminescent diode, or a laser diode operating below threshold, 
each have a wide emission spectrum compared to that of a laser diode operating past its threshold in the stimulated 
emission mode of operation. 

Between laser diode 1 1 and fiber optic coil 1 0 in Figure 1 there is 6hown an optical path arrangement formed by an 
so extension of the ends of the optical fiber forming coil 1 0 to some optical coupling components which separate the overall 
optical path into several optical path portions. A portion of polarization-maintaining optical fiber is positioned against a 
face of laser diode 11 at a location of optimum light emission therefrom, a point from which it extends to a first optical 
directional coupler, 12, to be joined thereto. If, on the other hand, coupler 12 is formed by fusing two optical fibers 
together in a coupling region, either a pair of polarization-maintaining optical fibers or a pair of ordinary single spatial 
55 mode optical fibers, the excess length of one of the optical fibers may be positioned against diode 1 1 to provide this 
optical path between diode 11 and this wave coupling region of coupler 12, or the excess length may be spliced to 
another polarization-maintaining or ordinary single mode optical fiber, respectively, extending from diode 11. 

Optical directional coupler 12 has light transmission media therein which extend between four ports, two on each 
end of that media, and which are provided on each end of coupler 12 in Figure 1. One of these ports has the optical 
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fiber extending from laser diode 1 1 positioned thereagainst (or vice versa tor a fused coupler, i.e. a fiber extending from 
the coupler coupling region to be positioned against the emitting face of diode 1 1). At the other port on the same end 
of optical coupler 12 there is shown a further optical fiber positioned thereagainst (or alternatively extending from the 
fused coupler if used) which extends to be positioned against a photodiode, 13, which is electrically connected to a pho- 
todetection system. 14. This optical fiber may be a polarization-maintaining optical fiber or it may be an ordinary single 
spatial mode optical fiber. In practice, as indicated above: coupler 12 may be formed from fused lengths of such optical 
fiber so that the remaining lengths past the fused portion, or the light coupling region therein, extend either all the way 
to laser diode 1 1 and photodiode 13, or are spliced to other optical fibers extending therefrom. 

Photodiode 13 detects electromagnetic waves, or lightwaves, impinging thereon from the portion of the optical fiber 
positioned thereagainst (or extending thereto) and provides a photocurrent in response. This photocurrent, as indicated 
above, in the situation of two nearly coherent electromagnetic waves impinging thereon, follows a raised cosine function 
in providing a photocurrent output which depends on the cosine of the phase difference between such a pair of electro- 
magnetic waves. Photodiode 13 is operated in either the photovoltaic mode or the photbcbnductive mode, as needed, 
into an amplifier circuit of appropriate impedance to provide a photocurrent which is substantially a linear function of the 
impinging radiation intensity, and is typically a p-i-n photodiode. 

Optical directional coupler 12 has another polarization-maintaining optical fiber against a port at the other end 
thereof which extends to a polarizer, 15. Again; the excess length in ah optical fiber past the coupling region in coupler 
1 2 may have the end thereof extend all the way to polarizer 1 5, or may be spliced to another optical fiber portion extend- 
ing from polarizer 15 with the principal birefringence axes in each such portion of optical fiber closely aligned to those 
of the other. At the other port on that same side of coupler 12 there is a non-reflective termination arrangement, 16, 
involving the excess length of one of the optical fibers fused together forming coupler 1 2 or, again, another optical fiber 
spliced to such an excess length. This optical fiber leading to arrangement 16 can again be polarization-maintaining 
optical fiber or ordinary single spatial mode optical fiber. 

Directional optical coupler 12. in receiving electromagnetic waves, or light, at any port, or at any end of an excess 
portion of optical fiber extending past the coupling region therein, transmits such electromagnetic waves so that a 
preselected fraction thereof, typically one-half, appears at each of the two ports, or ends of the two excess optical fiber 
lengths past the coupling region, which are at the opposite end of coupler 12 from that having the incoming port or 
excess optical fiber length receiving the incoming waves. On the other hand, no electromagnetic waves are transmitted 
to the port or excess fiber length which is on the same end of coupler 12 as is the incoming port. The polarization of the 
incoming electromagnetic waves with respect to the principal refringent axes at the input port can be fairly well pre- 
served at the corresponding axes of the two output ports if coupler 12 is formed of two portions of polarization-main- 
taining optical fiber with the principal axes suitably aligned, but there will be some coupling of waves between axes in 
the coupling region of the coupler. If a pair of ordinary single spatial mode optical fiber portions are fused together to 
form coupler 12. the polarization of the incoming electromagnetic waves with respect to the principal birefririjgent axes 
in one component fiber can be fairly well preserved through the coupling region to the other fiber, but there may be sub- 
stantial coupling thereafter even before coupled waves reach the output port of the ordinary single spatial mode optical 
fiber. ; 

Polarizer 15 is used because, even in a single spatial mode optical fiber, two polarization modes are possible for 
electromagnetic waves passing through such a fiber along orthogonal axes. Thus; polarizer 1 5 is provided for the pur- 
pose of transmitting the electromagnetic wave component along one of these axes, for one of these polarization modes, 
between the optical f ibers connected to the ports on either end thereof, i.e. between the "x" slow axis of the polarization- 
maintaining optical fiber connected thereto to provide a propagation path to arid from directional coupler 12 and the 
ordinary single spatial mode optical fiber placed against the port oh the opposite side thereof to be described below. At 
the same time, polarizer 15 substantially blocks transmission from the "y" or fast axis of the polarization-maintaining 
optical fiber extending between it and directional coupler 12 and the ordinary single spatial mode fiber on the opposite 
side thereof. Hence, the slow axis of the polarization- maintaining optical fiber extending from coupler 12 is aligned with 
the transmission axis of polarizer 15 at a port on one side thereof, or with the slow principal birefringerit axis of ah opti- 
cal fiber connection portion extending from polarizer 1 5 that is closely aligned with the transmission axis of the polarizer. 
The fast axis of this optical f toer is then closely aligned to the blocking axis at the port of the polarizer, or to the fast prin- 
cipal birefringent axis of a connection optical f ber extending therefrom which is closely aligned with a polarizer blocking 

axis. i i « *u 

Polarizer 1 5, however, is not capable of entirely blocking electromagnetic waves in the one state of polarization that 
it is intended to block. This shortcoming in the extinction coefficient thereof leads to a non-reciprocity between two 
opposite direction traveling waves over the optical paths they follow, and so to a non-reciprocal phase shift occurring 
^ between them which can vary with the conditions of the environment in which the polarizer and the remainder of the 

system of placed. . .. , * 

Positioned against the port of polarizer 15 on the end opposite that connected with optical directional coupler 12. 
or spliced to a polarization-maintaining optical fiber length extending therefrom, is an ordinary single spatial mode opti- 
cal fiber which extends to a further optical directional coupler, 17, a coupler which is typically formed of two portions of 
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such ordinary single spatial mode fiber. Directional coupler 1 7 also transmits received electromagnetic waves so that a 
preselected fraction thereof, again typically one-half, appears at each of the two ports, or the ends of the two excess 
optical fiber lengths past the coupling region, which are at the opposite end of coupler 1 7 from that having the incoming 
port or haying the excess optical fiber length receiving the incoming waves. Again, no electromagnetic waves are trans- 
5 mitted to the port or excess fiber length which is on the same end of coupler 1 7 as the incoming port. The polarization 
of incoming electromagnetic waves at an input port will not be very well preserved at the corresponding pair of output 
ports. Alternatively, directional coupler 17 could be formed using a pair of portions of polarization-maintaining optical 
fiber, but this will lead to somewhat different optical performance in the optical subsystem portion of Figure 1 which 
would be similar to the performance of such a subsystem if directional coupler 17 was alternatively formed in an inte- 
rs grated optic chip. 

If directional coupler 1 7 is formed by fusing together two optical fibers, the excess portion of one of the optical fibers 
therein past the coupler region therein may extend all the way to the appropriate port on one end of polarizer 15. In an 
alternative, this excess portion may be spliced to an ordinary single spatial mode optical fiber portion extending from 
polarizer 15 (or to a polarization-maintaining fiber portion extending therefrom). 

15 The second port on the same end of coupler 1 7 from which the first port is coupled to polarizer 15 is connected in 

a non-reflective termination arrangement, 18, using a further ordinary single spatial mode optical fiber portion or the 
excess length of an optical fiber associated with that port beyond the coupling region in coupler 17 in the situation of 
fused optical fibers. One of the ports on the opposite end of coupler 17 is connected to a further optical component in 
the optical path portion extending thereto from one end of the optical fiber in coil 10. The other port on that end of cou- 

20 pier 17 is directly coupled to the remaining end of optical fiber coil 10 near which depolarizer 10' is located, and this 
coupling is typically accomplished through a splice between the excess length of an optical fiber past the coupling 
region in coupler 1 7 and the optical fiber in coil 10. 

Between coil 1 0 and coupler 1 7, on the side of coil 1 0 opposite the directly connected side thereof, there is provided 
an optical phase modulator, 19. Optical phase modulator 19 has a port on either end of the transmission media con- 

25 tained therein which occur in Figure 1 at the opposite ends of that phase modulator. The ordinary single spatial mode 
optical fiber from coil 10 is positioned against a port of modulator 19. The ordinary single spatial mode optical fiber 
extending from coupler 1 7 is positioned against the port on the opposite end of modulator 19. 

Optica! phase modulator 1 9 can be of the variety formed by wrapping an optical fiber portion around a piezoelectric 
cylinder so that the fiber may be stretched by the application of voltage to that cylinder, or this phase modulator may be 

30 formed as an optical integrated chip using a substrate of lithium niobate, for instance, with metallic depositions provided 
thereon as electrodes and positioned adjacent a waveguide provided therein. Such depositions typically result in plate- 
like electrode structures on the substrate to both provide electrical contacts to the modulator and a means through 
which varying electric fields can be established in the waveguide to result in the necessary modulation of the phase of 
electromagnetic waves passing through that waveguide. 

35 Optical phase modulator 19 is thus capable of receiving electrical signals on these plates to cause the introduction 
of phase differences in electromagnetic waves transmitted therethrough by changing the index of refraction of the trans- 
mission medium, or transmission media, because of the resulting electric fields established therein to thereby change 
the effect of optical path lengths experienced by such waves. Optical phase modulators constructed in optical integrated 
circuit form have a large bandwidth, i.e. are able to provide phase changes following a waveform that has substantial 

40 high frequency content. Note also that polarizer 15, and source and loop optical directional couplers 12 and 17, could 
also be formed in similar integrated optic chips, including possibly being formed in a common such chip. 

Directional optical coupler 17 serves as a beam-splitting apparatus in that electromagnetic waves emitted from 
source 11 that are transmitted through coupler 12 and polarizer 15 to be received by coupler 17 are there split in 
approximately half with a corresponding one of the resulting portions passing out of each of the two ports on the oppo- 

45 site end of coupler 1 7. Out of one port on that opposite end of coupler 1 7 the corresponding electromagnetic wave por- 
tion passes through depolarizer 10\ the rest of optical fiber coil 10, through optical phase modulator 19 and back to 
coupler 17. A portion of that electromagnetic wave passes through the port of coupler 17 leading to polarizer 15 and 
then to cpupler 12 where a part of the remainder of the wave portion is transmitted to photodiode 13. 

The other portion of the electromagnetic wave after the split in coupler 17 leaves that other port on the coil 10 end 

so of coupler 17 to first pass through optical phase modulator 19, through most of optical fiber coil 10, and then through 
depolarizer 10' to reenter coupler 17 and, again, from there follow the same path as the first portion previously 
described to finally impinge in part on photodiode 13. In the presence of modulation provided by phase modulator 19, 
and in the presence of any rotation of coil 10 about its axis, or because of effects in coupler 17, some of the energy of 
the combined waves will be Ipst through non-reflective arrangement 18. 

55 In an interferpmetric fiber optic gyroscope using polarization-maintaining optical fiber for coil 10 without a depolar- 
izer, the electromagnetic waves passing through coil 10 are all intended to take the same optical path. In the system of 
Figure 1 , however, the nature of the ordinary single spatial mode optical fiber used in coil 1 0 gives rise to random occur- 
rences of birefringence therein induced by various causes, including stress change due to temperature changes, which 
result in the possibility of different optical paths being available for the waves to propagate over. Depolarizer 10' forces 
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waves to differing polarization states periodically over wavelength, and so to corresponding different optical paths. 
Thus, the polarization history of electromagnetic waves through coil 10 and depolarizer 10* together is wavelength 
dependent. Nevertheless, any waves reaching the transmission axis of polarizer 15 at a point in time will have had the 
same polarization history. Assuming then that depolarizer 10' distributes the optical waves between the polarization 

5 states uniformly, depolarizer 10* acts to equalize the wave energy in each of the optical paths. 

As indicated above, photodiode 13 provides an output current proportional to the intensity of the combined electro- 
magnetic waves, or light waves, impinging thereon dependent on the phase difference therebetween, the arrangement 
of Figure 1 leads to the electromagnetic waves propagating in opposite directions through coil 10 over various optical 
paths to in part reach photodiode 1 3 so that the intensity thereon is ah average of the electromagnetic waves traveling 

io in both directions over each polarization determined optical path, i.e. averaged over the wavelengths present, but 
including primarily only those waves propagating over those optical paths over which returning waves have a polariza- 
tion at polarizer 15 which is substantially passed by that polarizer. That is, the returning waves included in the averaging 
process are primarily just those following optical paths which extend through the transmission axis of polarizer i 5: Cor- 
responding photocurrent from photodiode 13 follows a raised cosine function in being based bri the cosine of the aver- 

15 age phase difference between portions of each of the electromagnetic waves propagating in opposite directions in coil 
10 impinging thereon taken over the wavelengths present therein. This relationship follows because the photocurrent 
depends on the resulting optical intensity of the pairs of opposite direction propagating electromagnetic waves incident 
on photodiode 13 which intensity will vary depending on how much constructive or destructive interference occurs 
between these waves at that diode. This interference of waves will change with rotation of the coiled optical fiber forming 

20 coil 10 about its axis as such rotation introduces a phase difference shift between the waves because of the Sagnac 
effect. Further, additional phase difference shifts will be introduced by optical phase modulator 19 as will be described 
in connection with the electrical system shown in the remainder of Figure 1 . 

The electrical system portion of Figure 1 shows an open loop fiber optical gyroscope system, but could also be con- 
verted to a closed loop fiber optic gyroscopic system; i.e. using feedback around the system shown, this would be 

25 accomplished by having the electrical system provide a feedback signal based on the output of the system shown in 
Figure 1 to control a further optical phase modulator inserted in the optical path next to modulator 19. or to additionally 
control modulator 1 9. Optical phase modulator 19 is of the kind described above and is used in conjunction with a phase 
sensitive demodulator, or phase detector; for converting the output signal of photodiode 13 and photodetectbr system 
1 4, following a cosine function, to a signal following a sine function. Following such a sine function provides, In that out- 

30 put signal, information both as to rate of rotation and as to direction of that rotation about the axis of coil 10. Modulator 
19 is operated by a sinusoidal signal provided at the output of a bias modulation sigrial generator, 20. which also pro- 
vides this signal to operate a phase detector which, as indicated, is a phase sensitive demodulator. 

Thus, the output signal from photodetector system 14, including photodiode 13, is provided to ah amplifier, 21, 
where it is amplified and passed through a filter, 22, to a phase detector; 23. The phase sensitive demodulator serving 

35 as phase detector 23 is a well-known device. Such a phase sensitive demodulator senses changes in the first harmonic, 
or fundamental frequency, of signal generator 20 to provide an indication of the relative phase of the pair of electromag- 
netic waves impinging on photodetector 13: This information is presented by phase detector 23 in an output signal fol- 
lowing a sine function, i.e. the sine of the phase difference between the two electromagnetic wave portions impinging 
on photodiode 1 3. 

40 Bias modulation signal generator 22, in modulating the electromagnetic wave portions in the opticai path at a fre- 
quency set by the output signal supplied thereby as described above; also generates a strong second harmonic com- 
ponent in photodetector system 14. Filter 22 is a notch filter for removing this second harmonic cbmporient. 

In operation, the phase difference changes in the two opposite direction propagating electromagnetic waves pass- 
ing through coil 10 in the optical paths therethrough to reach photodiode 13 will lead to average net phase difference 

45 changes which will be relatively small, and which will vary relatively slowly compared to the phase difference changes 
due to optical phase modulator 19 and bias modulator signal generator 20. Any average phase difference shift due to 
the Sagnac effect will be merely shift the average phase difference between the electromagnetic waves, and the output 
signal from phase sensitive demodulator 23. after photodiode signal demodulation therein, will depend on the sine of 
this phase difference multiplied by an amplitude scaling factor set by the modulation of the waves due to phase itiodu- 

50 lator 19 and signal generator 20. This synchronous demodulation thus substantially extracts from the photodiode output 
signal the amplitude of the sinusoidal modulation frequency component at the modulation frequency introduced by sig- 
nal generator 20 and modulator 19. which includes the result of any rotation of coil 10 about its axis, to provide the 
demodulator output signal. 

As indicated above, however, additional phase shifts between the counter-propagating electromagnetic waves can 
55 be introduced even with the fiber optic gyroscope system in a minimum reciprocal configuration by various effects 
occurring therein. Typically, a significant source of such non-reciprocal phase shifts from other than the Sagnac effect 
is the following of different optical paths by the two different polarization components of the counter-propagating elec- 
tromagnetic waves leading to phase shift errors in the output indistinguishable from Sagnac phase shifts. 

Two types of such phase shift errors have been found to occur, as will be shown below. Amplitude type phase error 
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occurs where electromagnetic waves that have passed through along the blocking axis of polarizer 15, because of 
polarizer imperfections, coherently mix in any of the loop optical components, beginning with loop coupler 17 and con- 
tinuing beyond in Figure 1 to include coil 10, with waves that have been passed along the transmission axis of polarizer 
15. Since the electromagnetic waves emitted by source 11 along two linear polarization axes are uncorr elated, as will 

5 be set out below, and since these two polarization components are attempted to be kept separated until they reach 
polarizer 1 5, the conditions leading to amplitude type error will only occur through a failure to keep the components sep- 
arated because of some coupling point being present ahead of polarizer 1 5 where such a polarization component can 
be partially coupled into the optical path of the other. Such coupling points include splice and interface locations in the 
optical paths because of the interruption introduced by such changes. 

io Intensity type phase error occurs when electromagnetic wave polarization components that have passed along the 
transmission axis of polarizer 15 are coupled in any of these same loop optical components to the polarization compo- 
nents which passed along the blocking axis, again due to polarizer imperfections, and thereafter reaches the blocking 
axis of polarizer 15 to interfere with the waves having the same history traveling in the opposite direction through coil 
10. A phase shift error in the opposite direction occurs for waves doing the opposite, that is, passing along the blocking 

75 axis of polarizer 15 and being coupled to reach the transmission axis. Thus, these phase shift errors are offsetting of 
one another to the extent of the smaller of the two. 

However, these unwanted phase shift errors are reduced or eliminated by the presence of depolarizer 10' in the 
system of Figure 1 leading to the uniform (though not necessarily coherent) mixing of the electromagnetic wave com- 
ponents from the transmission and blocking axes of polarizer 15. That is, depolarizer 10' distributes portions of these 

20 incoming wave components into orthogonal polarization states such that they become thoroughly mixed at the other 
end of the depolarizer. The use of depolarizer 10* thus avoids the expense of using polarization-maintaining fiber 
throughout coil 10, but at the cost of losing in polarizer 15 approximately half of the electromagnetic wave energy enter- 
ing coil 10. 

All of these unwanted phase shifts would be eliminated, of course, if polarizer 15 were a perfect polarizing compo- 
25 nent permitting complete wave transmission in the transmission axis thereof and no transmission in the blocking axis 
thereof. However, polarizers, including polarizer 15 as indicated above, are not perfect and so are characterized by an 
extinction ratio, e. representing the fraction of incident electromagnetic wave on the polarizer in the blocking axis which 
is found in that same axis at the output of the polarizer. Such an imperfect polarizer, even with the presence of depolar- 
izer 10', can lead to errors at photodiode 13 since coupling between polarization components at interfaces, splices and 
30 along the course of the ordinary single spatial mode optical fiber used in coil 1 0 results in effective non-reciprocal phase 
shifts. 

Such errors in the transmission of electromagnetic waves in the system of Figure 1 can be represented based on 
using a reference point between source coupler 12 and polarizer 15 in Figure 1 since nothing fundamentally new or dif- 
ferent will be added to these errprs by the remaining propagation effects in reaching photodetector 13. This reference 

35 point will be represented as a "wavy" line in Fjgure 1 at which outgoing and returning electromagnetic waves will be 
compared. Electromagnetic waves at this "wavy" line reference point will be represented as E x (t) and E y (t) for the com- 
ponents traveling along the principal birefringent axes of the polarization-maintaining optical fiber extending from this 
reference point to polarizer 15. The "x" designation, as indicated above, indicates the slow axis electromagnetic wave 
component and the "y" designation indicates the fast axis electromagnetic wave component. 

40 The electromagnetic waves returning to the reference point after having left the reference point to traverse through 
coil 10 and the optical components therebetween can be written as follows: 

^(v) = GJv^^r/v) 

45 

ScJ?) = g co >)*-'''#,.(v) 



so where v is the optical frequency. The vector ,(v) (designated as such through having an arrow over the top thereof) 
represents the electromagnetic waves leaving the reference plane to travel through coil 10 and return, and so is com- 
posed of just the two scalars E x (t) and E y (t) indicated above as occurring at the reference point but represented here 
by the Fourier transformation thereof, or 

55 
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where 



20 



^(v) 



The transfer matrices representing the effects of the polarization-maintaining fiber, polarizer 1 5 arid coupler i 7, bperat- 
25 ing on the representation of the departing waves «§T j from the reference point, yields the returning wave vector g ctv ( v ) 
and "S cwJy) \ and can be written as follows: 



30 



The Sagnac phase shift is represented by 2<p r . 

As described above, the output signal provided by phase sensitive demodulator 23 depends on the total phase 
35 shift, A<p, occurring between the counter-propagating eleclrdfriaghetic wave passing through coil 10 to reach photode- 
tector 13. Thus, this output will depend essentially oh the phase difference of the waves returning to the "Wavy" line ref- 
erence point which can be found from the argument of the complex matrix resulting; from the product of the two waves, 
or 



Acp(v) ± a^[r re L(v)r w (v)] 



The "dagger* symbol | indicates that the Hermitiah conjugate of the matrix is being used. This last equation can be 
45 rewritten using the equations above for ~^ cw (v) and ~g ccvM and taking <p r to be zero, i.e. no rotation of coil 10 about 
its axis perpendicular to the plane of the coil in Figure 1 , so only phase differences due to errors remain. Then, the 
phase differences, or path difference phase errors, A<p e , due to polarization component path differences appear as: 

Aip/v) = arg[# i t (v)G e t w G fw #,(v)] 



Here again, the f indicates that the Hermitian conjugate of the matrix is being used. This last result is obtained at each 
optical frequency v, and so is the end result if a near monochromatic optical source is used for source 1 1 . However, 
55 since source 1 1 is typically going to be a "broadband" optical source, the total error can be found only through integrat- 
ing the last equation over the optical frequency although such a step is not made explicit here. 

The off-diagonal elements of the transfer matrices [GJ and [G^] in the system of Figure 1 are much smaller in 
magnitude than the diagonal terms therein in an optical fiber based gyroscope using a polarizer despite the presence 
of depolarizer 10'. Since these off diagonal terms in these matrices are small, the last equation can be shown to be 
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approximately: 

A <Pe « A <P amp / + ^ inten 

s where: 



10 



is and 



25 



30 



35 



40 



50 



55 



A g/ff '(g«(v)^(v)g/(v)r v (v)^ xr (v)g 3 ;(v)g,(v)g v '(v)) 

|S D (V)^(V)| 2 



A<p /meB (v)A e ^<g»g CT (v)(|g x (v)| 2 - |r v (v)l^)} 

l^(v)^(v)| 2 

That is the total phase error A 9e at any optical frequency v can be separated into two parts, an amplitude related chase 
error. Ajp Ampl and an intensity related phase error. 4<Plnten . The last two expressions show that amplitude e.a S Enase 
errors depend on the relative phases of the electromagnetic wave polarization components <T X M and £ Mane the 
first power of the polarization extinction coefficient, whereas the intensity rented phase Jar 'depend fo'n the^er 
ences ,n optica, power ,n the two polarization component optica, paths and the square of the oolSTj^onZZ- 

Clearly, eirors can remain if e has a value other than zero which it inevitably has. Thus, there is a desire for a meas 
ure or measures to reduce or eliminate such errors. eas 
inwll! PreSe !? i " venti ° n P^des error reducing configurations for an optical fiber rotation sensor in which rotation 
formation ,n the form of phase differences between a pair of substantially coherent electromagnetic waveVeme r ng 
rom a po anzer to propagate in opposite directions through an ordinary single mode optical fiber J^?e££^ 
m series therewrth to thereafter impinge on a photodetector after exiting through the polarizer ^ 
have component opt.cal path lengths therein and birefringent axes relationships therein determ ned 
autocorrelafton of the source chosen for the system. As a result, amplitude related phase errortdue to Sfalaton 
mode coupling can be eliminated or reduced economically, and signal fading can be substantialVpreverte^ 

Sn nJh^f Sy -™ schemati ? di 88«W combining a signal processing arrangement and an optical transmis- 
sion path and device arrangement known in the prior art; "ctnsmis 

2nn a * ™^ SV *' em V**™* dia 9 ram combining a signal processing arrangement and an optical transmis- 
sion path and device arrangement embodying the present invention; »*"smis 
Figure 3 shows a graph describing an aspect of an electromagnetic wave source^ 
Figure 4 shows a graph describing an aspect of an electromagnetic wave source' 

S^emo^gc^ Cnbin9 " " aSP6Ct " " e,eCtrpma9netiC and a ^tonship therewith for 

tra^mLt^ ^rh^H^ 6 " 13 ^ dia9,am C£ L mbinin9 8 Si9na ' P rocessi "9 arrangement and an alternative optical 
transmission path and device arrangement embodying the present invention- 

SmL S ion SChema * i9 dia9ram C r Wni ° e 8 Si9nal Processing arrangement and an alternative optical 
transmission path and device arrangement embodying the present invention; . 

ZSS^J^!7 schematic diagram combining a signal processing arrangement and an alternative optical 
transmission path and device arrangement embodying the present invention- ' P 

SmfsJ^fh^H SChSmatiC - 9ram C ° l mbinin9 3 Si9na ' prOC6SSin9 a "angement and an alternative optical 
transmission path and device arrangement embodying the present invention and i 

hSSSkH^ V d 1? B eaCh Sh0W 8S ^ Stem ^"ematic diagram combining a signal processing arrangement and an 
artemabve optical transmisaon path and device airangement embodying the present invention- 

c2 tnfnVmSn^ 6 h h 80 ^" 13 " 0 dia9ram ?° mbinin 9 a si 9" al Processing arrangement and an alternative opti- 
cal transmission path and device arrangement embodying the present invention- and 

Figure 12 shows a system schematic diagram combining a signal processing arrangement and an alternative ooti- 
cal transmission path and device arrangement embodying the present invention. alternative opt. 
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The errors set forth in the foregoing equations are represented too abstractly to clearly demonstrate the nature 
thereof. To more fully see that nature, representative transfer matrix elements describing the optical paths must be used 
in these equations and a better representation of the relationship between source 1 1 and source coupler 12 must also 
be used. Further, the errors must be evaluated across the spectrum of source 1 1 . 

Turning to amplitude related phase errors first, the total amplitude phase error across the optical frequency spec- 
trum of interest. A<p Amp ,Tot. determined primarily by the spectral width of the electromagnetic waves emitted by source 
1 1 , is the normalized value of the error A<p A m P i occurring at each such included optical frequency weighted by the aver- 
age optical power inserted into the system at that frequency, or 



= flg^) g x(v)l 2A W V)dV 

/lfe(v)g;(v)i 2 ifv 



Here, the optical power is indicated to be introduced along the V principle birefringent axis in accord with the descrip- 
tion given above for the system shown in Figure 1. Substituting for A<p Am pj from the equation defined therefor above 
yields: 

^ ^Amphoi 

= *flm {g^(v)g^(v)^;(v)^(v) -gj^)8^^^^ 

/l^Cv)^(v)| 2 ^v 

/l«„(v)^Cv)l 2 dv 



as the integral of the imaginary part of a complex variable over a real variable is equal to the imaginary part of the inte- 
gral of that complex variable over the real variable. . ( . . 

The representation of source 1 1 and source coupler 12, and of the transfer matrix elements, needed to clarify the 
nature of this error, will be based on the system shown in Figure 2 which is generally like the system of Figure 1. There, 
in Figure 2, is shown a coupling point between polarizer 15 and source coupler 12 which has been arbitrarily chosen in 
the optical paths of the electromagnetic waves traveling from source 1 i through coil Id and back to source coupler 12. 
Thus assume that the excess polarization-maintaining optical fiber from source, or ihpJt, coupler 12 is spliced with an 
optical fiber portion extending from polarizer 15 to someplace between these two components. At that location, the 
splice is assumed to have a rotational misalignment of a value 6 between the principal birefringent axes in each of the 
optical fibers on either side of the splice which remains after attempting to closely align the fast axes of these fibers dur- 
ing the formation of the splice. Figure 2 shows the system of Figure 1 with this rotational misalignment point indicated 
by a "x" on the optical path representation of such locations, and with the corresponding rotational misalignment value 
written adjacent thereto. 

The "wavy" line reference point for comparison of the outgoing and returning waves is chosen on the polarizer 15 
side of the e value rotational misalignment point just immediately to the right thereof in Figure 2. this has been done 
since whatever alternate polarization path errors may arise in the system in the portion on the right cannot be changed 
by propagation to the left of this plane on the way to photodiode 13 by anything in the system between this plane and 
photodiode 1 3 since the returning waves are past polarizer 15: 

The optical ffoer positioned against laser diode 11 has its principal birefringence axes rotated to match a particular 
pair of axes of the source, these axes being the two axes therein along which electromagnetic waves are emitted such 
that the waves along one axis are uncorrected with those waves emitted along the other. One electromagnetic wave 
polarization component from source 11 is thus introduced into the polarization component optical path along the one 
birefringent axis that is chosen to be given minimal effect in the desire to avoid errors in the sensing result through being 
aligned with the polarizer blocking axis, that component here being the polarization component following the fast axis. 
Hence, that wave component, to the extent hot blocked by polarizer 1 5. will at least be uncorrected with the wave com- 
ponent introduced along the other polarization component optical path. Such a pair of source axes that are orthogonal 
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can always be found, or selected, depending on the nature of the electromagnetic waves emitted. If the source emits 
electromagnetic waves which are entirely unpolarized. any pair of orthogonal axes across the emitting face of the 
source will satisfy the requirement that the waves emitted along one axis not be correlated with those along the other 
simply from the definition of unpolarized electromagnetic waves, if, on the other hand, the electromagnetic waves are 

5 partially polarized, these waves, as is well known, can be represented by a pair of components one of which is a polar- 
ized component with the other being an unpolarized component. Thus, electromagnetic waves, emitted along that 
source face axis along which such a polarized component is emitted, will be uncorrelated with emitted electromagnetic 
waves following the orthogonal axis. 

Typically, the symmetry of the geometrical configuration of the source will lead to the two axes along which these 

10 uncorrelated components are emitted being at right angles to one another, just as the principal birefringent axes are in 
the optical fiber to be butted thereagainst so these pairs of axes can be aligned with one another. The one of these 
source axes having the greater emission intensity will typically be aligned with the chosen primary propagation axis of 
the primary birefringent axes of the optical fiber positioned against the source, here the slow axis. 

As a result of closely aligning the uncorrelated emission axes of the source and the principal birefringent axes of 

75 the optical fiber, a component of the electromagnetic waves, u(t), will be emitted from source 1 1 along one of its uncor- 
related emission axes to propagate along one principal birefringent axis of the optical fiber extending therefrom. This 
component is written as a scalar without any geometric orientation parameter because of the definition thereof. Simi- 
larly, a second component of electromagnetic waves, v(t), again written as a scalar, will be emitted from source 1 1 along 
its other uncorrelated emission axis to propagate along the other principal birefringent axis of that optical fiber. Compo- 

20 nents u(t) and v(t), being uncorrelated, satisfy the relationship 



for all values of relative delay x, with v* indicating that the complex conjugate of v(t) is being used. 

25 On the source, or left, side of the 6 rotational misalignment, the electromagnetic waves along the principal birefrin- 

gent axes of the optical fiber portion extending from coupler 12 can thus be written as qu(t) and qv(t). This follows 
because, after passing through coupler 12, only a fraction q of these electromagnetic waves reach the e misalignment 
location because of the splitting of the waves by coupler 12 and propagation losses. 

On the polarizer 1 5 side of the 0 rotational misalignment, or the right-hand side of this misalignment in Figure 2 t the 

so electromagnetic waves will again be represented as E x (t) and E y (t) for the components traveling along the principal bire- 
fringent axes of the polarization-maintaining optical fiber extending from the misalignment location to polarizer 15. The 
"x" designation indicates the slow axis which is here assumed perfectly aligned to the transmission axis of polarizer 15. 
Similarly, the symbol y indicates the fast axjs electromagnetic wave component which is here assumed perfectly 
aligned with the blocking axis of polarizer 15. These alignment assumptions are made since only the result of polariza- 

35 tioh components changing optical paths at the 6 rotation misalignment location is going to be considered initially 
(excepting there are other path changes due to the uses of ofdjnary single spatial mode fiber and depolarizer 10* in coil 
10). As a result, the relationship between the electromagnetic wave polarization components on either side of the 9 
rotational misalignment can be written in matrix form as follows: 



45 Even though u(t) is delayed on the slow axis with respect to v(t), no delay representation has been incorporated in this 
last equation since both components are uncorrelated. 

Evaluating the expression for the total amplitude phase error A <|>AmpiTot requires supplying expressions for the 
transfer matrix elements g xx , g xy and g yx . These expressions wijl assume that essentially the only effects of traveling 
from the reference plane through coil 10 and back are delays necessary to travel over the polarization component opti- 

so cal paths traversed by electromagnetic waves leaving the reference point to pass through coil 1 0 and return thereto, the 
couplings and possibilities of couplings between polarization component optical paths occurring because of the use of 
ordinary single spatial mode optical fiber and depolarizer 10', and the lumped effects of coupler 17 and various fixed 
losses therein and in the optical fibers in the optical paths. The effects of polarizer 15 are already incorporated in the 
last expression for this error as represented by the extinction coefficient, and so will not be further considered here other 

55 than to the extent that they add to the length of the optical paths taken. 

Finally, the bias modulation in the optical paths introduced by optical phase modulator 19 will be ignored in these 
expressions, and so the only contribution thereto will be the added length in the optical paths due to the presence of 
modulator 19. The effects of modulator 19 are to introduce a time dependence in the equations in addition to the fre- 
quency dependence already indicated, an added complexity which would greatly complicate the valuation of the last 
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error expression. Further, the time dependence as introduced by optical phase modulator 19 has been shown not to 
affect the results obtained in evaluating the last error expression. 

Accepting such limitations, a composite Jones matrix operator can be written on the basis of the well-known Jones 
calculus for operating on the expression for the electromagnetic waves propagating in the clockwise direction from the 
"wavy" reference line through coil 10 and back to represent the effects of propagation on these waves, this operator 
being 
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The distance L| represents the length of the ordinary single spatial mode optical fiber extending between polarizer 15, 
through coupler 1 7 assuming a fiber coupler, to depolarizer 10\ Polarizer 15 could have a length of polarization-main- 
taining optical fiber extending therefrom to a splice with the ordinary single spatial mode optical fiber used in coupler 
17. If so, length L-j will be the length extending from that splice through coupler 17 to the splice! with depolarizer 10'. 
Length L 2 represents the length of the ordinary single spatial tr\66e optical fiber extending from the opposite side of the 
depolarizer 10' through coil 10, through optica! phase modulator 19 and through the coupling region of loop coupler 17 
and from there to polarizer 1 5 or to a splice with the polarization-maintaining optical fiber extending from polarizer 1 5. 

The parameters of these two fiber lengths are represented in the foregoing composite matrix operator by a pair of 
Jones matrices which are associated with these lengths in the operator through each having; the corresponding length 
written in the associated pair of matrix brackets, or [L,] and [L 2 ]. These matrices have within them elements which rep- 
resent the behavior of the ordinary single spatial mode optical fiber over the extent thereof not involved in forming fiber 
optic components, and also the behavior of those portions of that fiber in loop coupler 1 7 and in optical phase modulator 
19 optical components. These elements will substantially vary with the environment such as changes in the birefrin- 
gence present therein with changes in temperature. 

The last matrix appearing in the foregoing composite transfer matrix represents the effects on a clockwise electro- 
magnetic wave leaving the "wavy" line reference point due to polarizer 15 and any polarization -maintaining optical fibers 
extending from the ports thereof to a splice with an ordinary single spatial mode optical fiber or with an optical compo- 
nent in the optical path on the way to coil 10. This physical path length is designated l p knd the difference in the 
refracted index between the "x n and "y" polarization paths therethrough, that is, along the blocking and transmission 
axes thereof, is represented as 



An p (v)^n xp (v)-h yp (v) 



ypV 



The symbol c represents the ispeed of light in a vacuum, the symbol v represents optical frequency and the symbol c is 
again the extinction ration of the polarizer. The letter j is used in the representation of imaginary numbers. 
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There is assumed to be no significant coupling between the polarization modes in the polarizer 

After the clockwise electromagnetic wave is passed through polarizer 15, and propagated throuqh optical fiber 

2 oi'e ZZIVTT* d , epol f zer 10 ' l he midd,e three matrices in ordereS ^S^^°SJ2S 

< 32 u • I 8 clockw,se trans,er matr,x Q cw given above represent depolarizer 1 0'. The right-hand matrix in 
s these three mult.pl.ed matrices represents the shorter polarization-maintaining fiber length 10" in deplrizef 10 which 

is seen to have a phys,ca. length designated l d . The difference in indices of refraction between the and Y axes o" 

the polarization-maintaining fiber in length 10" is represented by 

w An d (v)*n, d (v)-n yd (v). 

There is assumed to be no cross coupling between the polarization modes in this fiber piece 

The left matrix in this middle group of three matrices of the clockwise composite transfer matrix G™ represents the 
longer poanzation-maintaining fiber .ength 1 0~ in depolarizer 10" and uses the same symbols as theta ZSSTIZ 
rs multiplicative group of middle matrices. However, the .ength of section 10" is twice that of sec ton 10"Tnd so a 2 
appears in front of the symbol l d in that matrix. *ecnon i u . ana so a 2 

nocil? thiS midd ' e W Of three ordered multiplied matrices representing depolarizer 10' in the com- 

pos te transfer matrix ^ ,s a rotation matrix. This rotation matrix represents the effect of having the principal \5£Zr 
gent axes of polanzation-maintaining optica, fiber lengths 10" and 10'" on either side of the nJ^iSSS^SL 
to substantially equid.stantly from the principal birefringent axes in the .ength on the other side thereof 

™ P'°Pagat.ng through length L 2 upon emerging from depolarizer 10\ the clockwise electromagnetic wave 
passes again through polarizer 15. Thus, the first matrix in the composite transfer matrix GL is identical wih th^ 
matrix in that composite matrix, and so its elements, having been described above. STnSS.^iJSSlS^ 
„2 '"d-catect a bove , , ne variable ^ represents ^ jnde> Qf prtm^fSSta!^ 
gation optical path in polarizer 15. i.e. the transmission axis thereof, and the variable njv) repLsents me ?nd« of 
32?« -DnB 7" 3XiS ther6in - Similar,y ' n ^ (v) re > resents the index * riEftiSJi V primary 

^SS^^S^X:^ th K, S,OW ,T ° f fining optica, fibers in £oJXT 

Doth sections 10 and 10 Again, the variable ny d (v) represents the index of refraction along the "y" primary oolariza 
t.on propagation optical path or the fast axes of the polarization-maintaining optical fiber lengths 1 0" andTo " P 

™ e ™"P°fte transfer matrix G w contains component matrices for the optical components in the clockwise oath 
other than the engths of ordinary single spatial mode fiber L, and L 2 . which components have » cSSK 
betiveen the polarization modes occurring therein, other than the 45- splice in depolarizer 10' The two SllrtSS 
zation modes along the principal birefringent axes are represented as having ablative dSLJSVSS^^S^ 
using exponential propagation phase functions which have propagation expressions in th a mSSHSlISS 
depend on the optica, paths followed in these elements. arguments thereof that 
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The dependence of the indices of refraction n^vJ.nypM.n^v) and n yd (v) upon optical frequency v indicates that 
T C ° U r red in the P ° ,ari?er 15 ^depolarizer /ofandthe LnJ^ZSZ^ Lnd 
^Tn™™^, e ' emen,S C ° nlainin9 9PtiC? ' fr ^ U * ncy de Pendent indices of refraction. Such dispersion wi . cause 
J22TS , Wav / e , components at di«erent frequencies to have differing delays along the optiL paL foltowed 
mati-S^t h S ;l nx d V) ■ nyp(V) " ^ and ^ d(v) a " 6qUal constant va,ue s. the exponent terms Tn ££££55 
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55 



The fixed time delays x p and x d represent the fixed propagation delays of each optical frequency in the PlPrtrnm^noii, 
waves through polarizer 15 and through lenglh 10" of depolarizer 10' frequency in the electromagnetic 

However, if dispersion is present and significant to first order, the indices of refraction must be written as 
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dAn(v) 

AnJv) °* An- +v £ — 

dAnJy) 



An/v) " An^+v 



dv 



Repeating the examples above yields 



« '4a JAi, / v » 



/.r d&nJv)\ 1 

/ 0 /rff»A» (v)]l 



where 



/ „d v4n. (v) 
P c [ d * ) 



and 



where 



J vAn d (v) 



rfv 



Here, the delays tp and x d represent fixed group delays corresponding to times it would take an electromagnetic wave 
pulse to travel over the corresponding polarization component optical path lengths. A bar symbol oyer a variable or a 
function indicates that an average value of that variable or function is intended. 

A further possibility is that second order dispersion effects would also be significant. Such a situation can arise with 
the use of an integrated optic chip such as one having substrate formed of lithium niobate, UNb0 3 . a situation, as pre- 
viously indicated, which could occur in the structure of optical phase modulator 1 9 and perhaps other components. Lith- 
ium niobate has a significant second order effect at wavelengths around 0.8 jim which would typically be included in the 
spectral width of source 11 . In these circumstances, the indices of refraction are written as 



14 



EP 0 760 461 A1 



An B (v) * An + v 



rfA« D (v) i 2 d 2 An p (v) 



2 



dv 3 



An/v) - A/i^ + v — -f— + - v 2 - -f— 
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15 



Such effects cause added complications and result in having to consider several different group delays for each of sev- 
eral portions of the emission spectrum for source 1 1 giving rise to what is often termed a group delay dispersion, a sit- 
uation which will be further described below. 

In view of the foregoing, the expression for the clockwise composite transfer matrix can be rewritten as follows: 
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In this last expression, the delays x p and x d represent fixed group delays generally, although they also represent fixed 
delays in the absence of dispersion, this latter situation being unlikely to occur as dispersion is commonly present in 
optical fibers. In any event, the possibility of group delay dispersion is not explicitly provided for in this last expression. 

The middle three component matrices in this last expression for the clockwise composite transfer matrix G cw again 
together represent depolarizer 10'. Consolidating these three component matrices into a single matrix representing 
depolarizer 1 0* through performing the matrix multiplication associated therewith yields 
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which shows that each electromagnetic wave polarization component entering and propagating through depolarizer 10' 
will experience a different delay on exiting that optical component whether in the same polarization mode or coupled to 
so the opposite mode. 

The component matrices representing the lengths of ordinary single spatial mode optical fiber L 1 and L 2 . [!_<] and 
[LJ, can be represented in general form as 
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A 2 B 2 
C 2 D 2 



The matrices in the first of these matrix equations represent the effects on the propagation of electromagnetic 
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components over fiber length L 1 from the transmission and blocking axes of polarizer 15 (or from the "x" and "y" axes 
of any polarization-maintaining fiber extending therefrom aligned to such polarizer axes) to the "x n and "y" axes of sec- 
tion 10" of depolarizer 10'. Similarly, the matrices in the second of these matrix equations represent the effects on the 
propagation of electromagnetic wave components over fiber length L 2 from the "x" and "y" axes of section 10"* of depo- 
larizer 1 0' to the transmission and blocking axes of polarizer 15 (or to the "x" and axes of any polarization -maintain- 
ing fiber extending therefrom aligned to such polarizer axes). The elements A 1 , B 1 , C 1 and D 1 representing propagation 
through ordinary single spatial mode optical fiber length L 1t and the elements A 2 , B 2 , C 2 and D 2 representing the prop- 
agation through ordinary single spatial mode optical fiber length L 2 , would be very complex if explicitly represented 
since they depend on environmental conditions such as temperature. Thus, these matrix elements will be kept in their 
general representation form as will be sufficient for purposes here. 

If all of the matrix multiplications indicated in the last expression for the clockwise composite transfer matrix oper- 
ator are carried out, the elements of that matrix g xx (v), g^v), g yx (v) and g^v) can be found. The result is 



These transfer matrix elements are to be used in evaluating the previous expression for A<p A m plTot found above. Noting 
the last expression therefor given above, the products " i 

g« (v) g xy (v) and g u (v)-g; (v) 

must be determined to evaluate this amplitude error. Thus, substituting from the foregoing equations with the transfer 
matrix elements, the first product is evaluated as 

*«(v)*,,(v) = 

+ C l 'A 2 'D l A 2 +A 1 'B;B l B 2 +c;B;D l B 2 )e- /2 *"' 

where 
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«- 3 - ^w^a- 

a _ 2 a c;a;d x b 2 -a;a;b x b % , 

a M a a;a;d x a 2 -c;a;b x b 1 -a;b;d 1 b 2% 

a r & c;a;b 1 a 2 -a;b;d 1 a 2 -c;b;b 1 b 2 , 

a 2 & C{B 2 D T A 2 -A{B^B v A 29 ^Dd 
oc 3 a Cj B 2 & X A 2 . 



If losses in the ordinary single spatial mode optical fiber are entirely independent of polarization, the transfer matrix 
elements in either of the optical fiber operator matrices representing the propagation characteristics of the correspond- 

25 ing optical fiber length from transmission and blocking axes of polarizer 15 to one of the outer ends "x" axes of depolar- 
izer 10' will be equal in magnitude to the transfer matrix elements representing the propagation characteristics of that 
optical fiber length from transmission and blocking axes of polarizer 15 to the "y" axis on that same outer end of depo- 
larizer 10'. That is, if the optical fiber lengths and L 2 have only polarization independent losses, the directly transmit- 
ted portions of each polarization component propagating from the axes of polarizer 1 5 to the principal birefringent axes 

30 of an outer end of depolarizer 10' will have the same loss factor associated with each, and the cross-coupled portions 
of these polarization components will each have a common loss factor associated therewith. If, as is often the practical 
situation, length of the optical fiber is determinative of the loss factor experienced by electromagnetic wave polarization 
components propagating therethrough, there will be a single loss factor commonly associated with both the directly 
coupled and the cross-coupled portions of the polarization components reaching a depolarizer outer end pair of princi- 

35 pal birefringent axes. 

This last relatively simple situation can be expressed for the matrices [Lj] and [L 2 ] by rewriting them in the form 



w 



15 



40 



A[ B ( 
C{ Dl 



= p.e 



Thus, these matrices in the situation where the losses therein are independent of polarization, and of association with 
45 either direct or cross-coupled portions of the polarization components, can be written with the common loss factors 
taken outside of the matrices as multiplying constants with a single loss parameter for the corresponding fiber length for 
each matrix. That is. length dependent loss parameters ^ and £ 2 each appear in the corresponding loss factor associ- 
ated with the matrices for lengths L 1 and L 2 , respectively. The further loss factor p 1 accounts for the splitting of the elec- 
tromagnetic waves between the fused fibers in loop directional coupler 1 7 and losses therein. 
so The resulting transfer matrix elements in the matrices to the right of the equal signs in the last pair of matrix equa- 
tions have been redesignated with a prime to indicate that the loss factor has been removed therefrom, and so these 
resulting elements are now lossless. Hence, any operation by these matrix operators having the primed transfer ele- 
ments therein on vectors representing electromagnetic waves propagating through the corresponding fiber lengths will 
leave the magnitude of those vectors, and so the wave magnitudes, unchanged. 
55 Matrix operators transforming vectors so as to leave the magnitude thereof unchanged are performing what are 
known as unity transformations, and are termed unitary operators. As is well known, the inverse of such an operator 
must equal its Hermitian conjugate, or ... . 
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-1 
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a[d[-b[c[ 



-C[ A[ 



and 
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15 



20 



C' D, 



/7t 
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A 2 B{ 

c/ dL 



-C' 



25 



30 



35 



Determining the determinant of the inverse matrix shows it to have a magnitude of 1 , and thus so does the determinant 
the Hermitian conjugate matrix. By finding the conjugate of the latter determinant, one can see that the magnitude of 
the determinant of the original lossless matrix is also 1, in accord with the well known result that the absolute value of 
the determinant of any unitary transformation matrix is 1 . 

With these results, equating the necessary components of the Hermitian conjugate and the inverse matrices, sev- 
eral expressions can be constructed. These include 



M ■ N. 

n - n> 

W - \ C >1 
Kf+Kf ■>, 



40 



A f *B f x + C[~D[ = 0, arid 



A^B^ C 2 *£> 2 ' = 0. 



Since multiplying a matrix by a constant like a loss factor is equivalent to multiplying each element in the matrix by that 
constant, the first four and the last two equations hold also for the original matrices representing the optical fibers in 
which the elements appear unprimed. On the other hand, the right sides of the fifth and sixth equations for unprimed 
elements will equal the square of the corresponding loss factors. 
so Returning to the last equation for 



g« (v)g xy (v), 

55 that equation can be rewritten after factoring the second term as 
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^N=-3 Z 



to However, as the second equation preceding this last equation shows, the second factor in the parentheses in the term 
on the right has a value of zero. Thus, the expression for 

g« (v)g xy (v) 

15 

contains only terms in which x d is present if losses in the ordinary single spatial mode fiber are independent of polari- 
zation, or 

* .V- -3 

The optical fiber loss factors have been left integrated in the matrices [L,] and [L 2 ] so that the original and unprimed 
25 elements of these matrices are used in the last two expressions. In a similar manner, the product 

gxx(v)gvx,(Y) 

30 can be found to be 

^(v)s y ». = i £ (v*^'-"^ 

1 iV=-3 

35 

where 

Po=°> 

and the other p n also are functions of the transfer matrix elements from the matrices [L^ and [L 2 ] as were the a n but 
which will not be explicitly set out here as there will be no reliance on the specific values in the following. 

Thus, in the presence of polarization independence losses through the lengths of ordinary single spatial mode opti- 
cal fibers L t and L 2 , and through loop directional coupler 17, only terms in which the delay parameter from depolarizer 
10' appear will appear in the amplitude error term 4>AmpiTor Th's result comes about because of the equalization of elec- 
tro-magnetic wave intensities in the polarization components occurring because of the use of depolarizer 10'. 

On the other hand, the formation of coupler 1 7 almost always introduces a slight polarization dependent loss which 
thereby will leave some amplitude error terms of value which do not depend on the delay parameter associated with 
depolarizer. 10', and so which must be taken into account in reducing or eliminating the amplitude error as will be further 
described below. That is, the cancellation at the surface of photodiode 13 due ito depolarizer 10' implied by the term 
found to be zero above in each of the two transfer element products evaluated, 

gj (v)g xy (v) and gjy)& (v). , 

55 

will not be perfect thereby leaving some residual error due to these terms which will be ignored for now. Again in these 
last expressions, the delays x p and ? d represent fixed group delays generally, although they also represent fixed delays 
in the absence of dispersion which is unlikely, where again group delay dispersion is not explicitly provided for in these 
expressions. » " 
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w»h ^ e J Ur " ingt ° gating the amplitude error A VAmplTot . the expression given therefor previously is more easily dealt 
Sng reJuT den ° minat ° r term f ° r purpOSes 0f evaluati ° n - Doi "9 *> P-vides L fo. 



10 where 



15 



20 



A m M . . . = C/frl (A ^^nptToi-fh ' ^ *P AmDlTot-sn) 
^AmplTot — ~ — - 



A <*Wrei-i* = / ^„(v)g >a "r j (v)r/(v)rfv 
A <Ww = /l^(v)r x (v)| 2 Jv 



there^af 51 * numerator terms ' can be written with a transfer matrix elements products inserted 

_ 1 



25 



30 



UnZT* SU ^! on ° f a ". has been taken ou teide the integral side since a n is approximately constant over the optical 
* ^• S, th , er8 ' S ^ ,it,IS P° larization dis P*™°" in ordinary single spatial mode ogtolflSTOriSS 

35 njts^ixsi ,s;rr trans,orms ° f Ex(t) - yieidin9 ™* a nd <* e*. w 

^ ^AmptTot -fit ~~ 

t r 

lim 1 3 2 2 

45 v "{*{ 

date Sc?on° or° f ^ °^ ** ° p,iCal T in th * ■*» Session yieids the birac 

' "rfv = 6(f-r'-t -Art, . 

V 

55 Thus interchanging the order of integration and performing the integral over the optical frequency v in the last exores 
sion for A<pA m pnbt-fn results in the following expression equency v in tne last expres- 
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1 I 

2 2 



5 A* A^*-3 y j. 

Again, from generalized function theory, the Dirac delta function provides a "sifting" effect on the remaining integrals to 
to give the result 

I 

lim 1 3 2 



20 The integral in this last expression is directly related to the time average value of the product of the two electromag- 

netic wave polarization components, that is 



25 



, 3 



Note that this time average of the product of the two electromagnetic wave polarization components departing from the 
wavy line reference point has one of these components substantially delayed with respect to the other as a result of the 

30 effects of propagation over the optical path followed. The amount of delay of the one component with respect to the 
other has several values because of the different possible paths through depolarizer 10*. and is equal to the difference 
in delays between the two axes of polarizer 15 plus a series of differing delays through depolarizer 10' reflecting alter- 
nate path possibilities. Thus, there are a series of time averages each based on a different delay of the polarization 
component E y with respect to component E x , and with each such time average for a corresponding one of the different 

35 delays also having ^n amplitude factor corresponding thereto. . .. 

The second numerator term A<p Amp i Tot _ sn can be similarly evaluated using the expression therefor above and the 
appropriate transfer matrix element product giving 

^tf--3 J 

Since this expression is entirely analogous to the previous one for the first numerator term involving u n , the result of 
45 evaluating the integral therein can he written by analogy as 



50 



However, the above procedure used for evaluating the integrals for the two numerator terms A<p AmplTot _ fn and A<p Am . 
piTot-sn cannot be used in the presence of significant second order dispersion or group delay dispersion, i.e. where 

55 : 

d 2 n(y) 
dv 2 
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£22 ^ c ' r f"^nces. the relationship giving the Dirac delta function from generalized function theory 

So n?,h P ? ef I, Wh6re d6lay timeS in 1,16 exponent in the exponential term under the integral are a fuS 

TJ£ T S 6 ™* V - The int69ra,i0n ° V6r the optical v in tri P'e int^ral above a X 

fvely sharply peaked function, certainly, but not so sharp as a Dirac delta function ThisVesultina braadlnpJ VnJL 

5 terms°: p and^ * ~ *» rela4ive ^"i^S^SXlS!: 

m, Jh! U r 3 ^"T' * h ?- e 'Vi t,ed irradiation from source 1 1 'e^ng the "wavy" line reference point. «T x (v) and g (v) 
SS! eachTchla^ or ^ SUf,iaen,ly **** ^ 9r ° UP delay diSpereion 

10 

? x (v) * e ^.(v), r ( v) a r ar/v) . 

»5 Then, the first numerator term for the total amplitude phase error A<p AmplTot . fn can be written 



where 



25 T p. 



30 



35 



40 



45 



is the difference in the fixed group delays between the polarization component optical paths in the i ,h frequency band of 
the source spectrum through polarizer 15, and where — "equency Dana of 

■ . • : . . . \ ' : " ■■ " ; ^ " - . 

n^c^^fr^ 6 ^^ 95 before ^ substitution « Fourier transformation, for the eiectromag- 
A<p. 



Y AmpCTot-fn 
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T 

Um 1 



T 

10 *>, x - Um 1 



75 

Then, for each optical frequency band the Dirac delta function can be used after interchanging the order of integration 
to yield 

^ ^AmplTot-Jh ~ 

20 

T T 

1 A . tt> Um 1 



*'V*-3 I T T 



25 

2 2 



Use of the sifting property then gives the result 

2 



A ^AmplTot-Jh = ^E "vEfl^/^W^jf-V^-J* 



J_ ^ ^ Um 1 

~2 

35 

or, using the definition of the time average given above, the following result is reached 

40 A,~ = 1 



45 Thus, where the previous result for A<j> AmplToMn depends on several time averages summed over the parameter n 
in the situation of either fixed dejays in the absence of dispersion effects, or fixed group delays in the situation where 
just first order dispersion is significant [dn(v)/dvsignif icant], the situation involving group delay dispersion differs. In this 
group delay situation, where second order dispersion is significant [d 2 n(v)/dv 2 signH icant], the result for A<p AmprroHn 
depends on the sum of the weighted array of time averages with there bejng 2ni time averages in that array. The effect 

so is to take each of the time averages found above absent group delay dispersion and break them into separate but 
closely spaced time averages to thereby broaden the delay associated therewith into a range of delays. 

Similarly, because of the similarity between the first and second numerator terms for Acp AmplTot , the second numer- 
ator term in the presence of group delay dispersion can be written 

55 , 



RM<;nnrin ^pp 07*04*1 a 1 i * 



23 



EP 0 760 461 A1 

The two numerator terms found for A<p AmpITot can be combined in a single expression. In the absence of qrouo 
delay dispersion, the result is y M 



10 Turning now to the denominator A(p AmplToW of the amplitude error term A<p AmplTol , the transfer element product 
I9xx(v)| must be found to evaluate this denominator. Substituting the value found for g xx (v) above provides the following 



75 



20 



25 
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35 



l»-MP = £ •l*^'*5(MAI , *ICAp.n A |»*|c A |»( 



where 



o'_ 3 & y4,*/4 2 'C,5 2 



°'o = o, 



2 



40 



4 (ic.p-n,r%y t Md 

2 



45 

This last transfer matrix element product can be rewritten noting that the term on the right is factorable as 



55 



since, from the equations above found in connection with the matrix operators having primed elements associated with 
matrices [L,] and [LgJ, |C 1 |=|B 1 1 because 
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|c;|=|b;| 



Further, in connection with the description above of the matrices representing the two ordinary single spatial mode 
optical fiber lengths L 1 and L 2 shown as 



10 



A, 5, 



= P x e 



At B{ 
Cl D[ 



and 



75 
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35 



40 



A 2 B 2 
C 2 D 2 



A 2 B 2 



there was further found another pair of relationships between matrix elements in the matrix operators associated with 
lengths Lj and L 2 having such elements which set out as 

M 2 + M»i? =i. 

\*l\ 2 ♦ iV = 1 • 

Converting these relationships to ones involving the unprimed matrix operator elements associated with these fiber 
lengths requires substituting in these last relationships for the primed transfer matrix elements the corresponding 
unprimed transfer matrix elements divided by the splitting factor and the loss factor. This yields 

MaP* IV =pN" 2Ci . 



Using these last two expressions in the last expression for |g xx (v)| 2 yields 



so JEhis result can be consolidated by redefining <tn being ct n if N*0, that is 



o N = o N> N * 0 



55 



and 
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2 

This consolidation then permits |g xx (v)| 2 to be written compactly as 



N--3 



Having this result, the denominator for the amplitude error A«p AmpITot can be evaluated. This term is written as 



20 

3 



= E ^K" V " T -^(v)^v)Jv, 



sion ^Si"^^^ inte " rati0n ** 5Umnkti ° a ^ intr0dUCin9 eqUiValert eXPrSS " 
^S^^^ISZ tranS, ° rmati0n relati0n atove transforming E x (t) to X M permits the preceding rela- 
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Integrating over time, the "sifting" action of the delta function gives the result 

50 
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Once again, this integral is related to the time average of the product of the two electromagnetic wave polarization 
components departing from the "wavy" reference line, and thus this last expression can be rewritten as P ° ,ar ' 2at, ° n 
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****** = E o N {E x (t)E;(t+Ni d )) 

5 

Thus, the denominator term for the amplitude error A<p AmptTot is a series of time averages of the electromagnetic wave 
polarization components in the transmission axis of polarizer 1 5 leaving the "wavy" line reference having corresponding 
amplitude weights/and autocorrelated with itself with a delay depending for each average on a corresponding multiple 
70 of the basic delay time in depolarizer 1 0'. 

Again, however, the procedure for obtaining this last expression cannot be used in the presence of significant sec- 
ond order dispersion, or group delay dispersion, i.e. where 

dv 2 



is significant. In those circumstances, in analogy with the result found for the first numerator term in such conditions, the 
20 last expression becomes 

a<Wtw = E <vE<^<('^,)> 

25 

where again i designates the optical frequency bands over the source spectrum which are made sufficiently narrow so 
that the group delay dispersion becomes negligible within each such band. 

Either of these last two expressions for A<p Amp , totKj represents the signal information obtained through a traverse of 
30 coil 10, including depolarizer 10\ by electromagnetic waves leaving the "wavy" reference line to pass through the trans- 
mission axis of polarizer 15. Since (t d ) or 

35 

change with temperature, or otherwise introduced stress in the optical fiber in depolarizer 10', as do the values for a^, 
the signal traversing coil 10 would be quite susceptible to unwanted value changes due to environmental influences if 
represented by either of these last two expressions. Thus, there is the possibility in some environmental conditions that 
the signal information could disappear altogether. Such a result is unacceptable. 
40 Avoiding such an unwanted result requires that the time averages in the denominator which depend on x d be 
required to be of zero value. That is, the time averages are to have a value of zero for those averages in which the value 
of N is other than zero so that the parameter 14 appears therein. The manner in which this requirement will be imposed 
will be further described below, but the imposition will be accepted now as being in effect with the result expressed as 

(E x (t)E;{t-Nr d )) = 0,W^0. 



With this limitation, the expression for the denominator term A<p Amp | tot< j in the absence of group delay dispersion given 
so above then becomes 



55 



The expression for the total amplitude phase error A<p Amp | Tot was given above in the form 
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A_ = tIm { A ^AmplT0i-fi,* A< f> A m P ,T O .- n ,) 

™AmplTot T ■ 

^ AmplTot-d 



Using, in this last expression, the results found in the foregoing for the sum of the two numerator terms and the for 
denominator term, assuming the absence of group delay dispersion, permits writing this amplitude total phase error as 



xplTot 



Af* -3 



This last expression is the amplitude phase error at the "wavy" line reference in the absence of group delay dispersion 
for electromagnetic waves propagating from the "wavy" line reference through coil 10 including depolarizer 10* and 
back. 

The effect of the presence of group delay dispersion will lead to summations of time averages in the numerator and 
the denominator of the expression for the total amplitude error A(p AmplTol preceding the last. These summations are 
introduced therein by the use of the group delay dispersion versions of the expressions given above for the two numer- 
ator terms and for the denominator term. Such summations will broaden the ranges of delays. 

However, to complete finding the total amplitude phase error for the system as it occurs at the "wavy" reference line, 
the electromagnetic waves emitted from source 1 1 , passing through coupler 1 2 and the e rotational misalignment, must 
be introduced into this last expression. This is accomplished through using the individual equations implied in the rhatrlx 
equation set out previously relating E x (t) and E y (t) to u(t) and v(t). Thus, the conjugate of the time average of the polar- 
ization components in the last expression can he rewritten using those relationships frorn that matrix equation as 

<E x (t)E;(t-x r Nx d )) = {[qu(t)cos 9 +9 v(0sine] 

x [-^•(r-T p ^T rf )sin6 + gv-(f~T^-NT rf )cos8]) 
= -^^(uCOm ■(f-T > -//T J ))sinecos6 
+ ^ 2 (v(0v*(r-t p -ArT a ))sin8c6s9 

Because the two emitted electromagnetic waves are uncorrected, the time averages in the last expression involving the 
product of emission components v(t) and u(t) equal zero, giving the result 

(E z (r)E;(r- v //T rf )) = q 2 suidcos&[(y(t) v 'lt- Zp -Nx d )) 

" («(0«-('- V ^a))]. 



The two time averages remaining in this last expression each represent the self-coherence function, or the time-based 
autocorrelation function, of the corresponding emission component of the electromagnetic waves emitted by source 1 1 . 
If these self-coherence, or autocorrelation, functions are normalized by dividing each by the corresponding optical 
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power, Ihe result is the complex degree of coherence for each of these emission components. y u (T p +NT d ) and 
Yv(T p +NT d ), or 

(U(t)u Vr-T -//T ,)) (v(t)v '(t-T-NT.)\ 

y„( v" T «) - s ( p p — 21 • t^p^a) * N 1 " — ^. 

where 

p u a(| U (0| 2 ),p v a (Kol 2 ). 



75 that is, P u and P v are the optical powers of the u and v emission components. Thus, the conjugate of the time average 
of the polarization components in the numerator of the expression for A<p Amp j Tot of can be written as 



This last expression can he further simplified if, as is true of some laser diodes operated below threshold, each 
emission component has the same optical spectra because then the complex degree of coherence for each will be 
25 equal to that of the other, or 

30 ...... - ... 

This results in the previous expression being simplified to 

(E x (0£ y >-T p -ArT d )) = * 2 smecose Y (v//T4p w -p M ]. 

35 

Hence, this time average is determined in part by the value of the complex degree of coherence of the electromagnetic 
waves emitted by source 1 1 at the specific time delays x p +Nx d between the two components thereof. 

The denominator in the expression for the maximum of the total amplitude phase error is found making this same 
40 sort of substitution from the equations involved in the matrix relating the polarization components to the emission com- 
ponents above with the result 

<!£,(') I 2 ) = <ka(r)cos8 + gv(f)sin6| 2 > 

= <* 2 |u(r)| 2 )^ 

= q 2 P u cos 2 0 +q*P v sm 2 e , 

noting that the time averages of the products of the u(t) and y(t) emission components are again zero since they are 
uncorr elated. 

Thus, the total amplitude phase error A<p Amp | Tot can now be written, this expression being 
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e<7 2 sipecos9 , p p 



mplTot 



JV--3 



70 Because the rotational alignment will he slight where the principal axes of birefringence on either side of the splice at 
the e rotational misalignment point are attempted to be closely aligned with one another, the angle 0 will also he quite 
small with the result " 



75 



20 



25 



sin6 - 8 £ £,cos6-l . 

Substituting these results into the previous expression gives the final expression for the total amplitude phase error, or 



mplTot 



3 

//~-3 



E K-p;)y*(v"*,) 



This last expression represents the amplitude phase error for the single rotational misalignment to the left of the 
wavy reference line in the system of Figure 2. However, as previously described, there may be further splices to the left 
of polarizer 15 in Figure 2 which could further give rise to a phase error expression like the last. Such errors will combine 
additively. As a result, the total phase error due to all splices or other coupling locations, Acp AmDrrot " Which is cumula- ' 
tive, can be written 



' 3-' 

S=-3 ' 



40 Here, the subscript i refers to the I th coupling point oh the source side of poiarizer 15 in Figure 2. trie delay -ij accounts 
for any added relative polarization component delay between the I th coupling point and the point where polarizer 15 is 
joined with the optical system portion leading to source 1 1 and photodiode 13. 

Thus, this amplitude phase error comes about from electromagnetic waves coupling between the orthogonal polar- 
ization axes before entering polarizer 15, and then finding alternative paths through depolarizer 10' (and perhaps abet- 

45 ted in finding different paths by the presence of other coupling points to the right of polarizer 15) on the return of the 
waves through the waveline reference point. Thus, these returning waves in having taken different optical paths in leav- 
ing the wavy reference line point and returning to it to subsequently interfere at the surface of photodiode 13, will exhibit 
phase differences indistinguishable from a rotation induced phase shift, and so will represent error. Also, this last 
expression also represents the situation of no dispersion or, if there is dispersion, only first order dispersion with x p and 

so t d being fixed group delays. The presence of group delay dispersion will result in a summation over the optical fre- 
quency bands defined above in accommodating such dispersion in the corresponding complex degree of coherence: 

A further relationship needs to also be developed concerning the signal information time averages which appear in 
the denominator of the total amplitude phase error A + Am prroi before the imposition of the requirement that those time 
averages with x d therein be equal to zero. This relationship is developed again through using the individual equations 

55 implied in the matrix equation above relating E x (t) and E y (t) to u(t) and v(t). Thus, these signal time averages involving 
x d can be written 
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(E E (t)E^NxJj) = ([qu0)cosd+qv(t)sin6] 

x [<7u '(r+WT^cbsG +qv *(/+//T J )sin0]^ 

+ 4 2 ("(')v '(r +/VT^)cos6sin8) 
t <? 2 (v(r)u -(f +/V r T < ,)cos0sin8^ 
+ 4 2 (v(r)v *(r +Arx J )sin 2 6) , tf*0 . 

Once again, since the two emitted electromagnetic waves from source 11 are uncorr elated, the time averages in the 
last expression involving the product of emission components v(t) and u(t) equals zero, and so 

? 2 [(u(r)u-(r+tfT d )^ # 0. 

As before, the two time averages remaining in this last expression each represent the self-coherence function, or 
the time-based autocorrelation function, of the corresponding emission components of the electro-magnetic waves 
30 emitted by source 1 1 . Again, if these self-coherence, or autocorrelation, functions are normalized by dividing each by 
the corresponding optical power, the result is the complex degree of coherence for each of these emission components, 
Yu(Nxd) and y v (Nx 6 ), or 

35 (u(t)u 9 lt*NxJi) 0<t)v 9 (t+NT d )) %w " 

y u (^d) - — p — ^.y v ("t,) a* L — 4L,n * o. 

u V 

where again N is allowed to have the values -3, -2, -1,1,2 and 3, but not zero. P u and P v are the optical powers of the 
40 u and v emission components as before. Again, assuming that each emission component has the same optical spectra, 
as is usual, each of the foregoing complex degree of coherence functions will equal the other, 

45 

giving the result 



Thus, to eliminate amplitude phase error the last expression found above for A <I>AmpiToi-as ^xasi be set to zero and, 
to eliminate signal fading, the immediately preceding expression must also be set to zero. Before considering how this 
55 is to be done, the general nature of the complex degree of coherence of source 1 1 , y(T) or y k (T) for the key frequency 
band if group delay dispersion is present, must be determined. While this will typically be done by measurement of the 
source autocorrelation function, the general nature of the measurement outcome can be easily found. 

In a laser diode, as is typically used for source 11 in the system of the present invention, electromagnetic waves or 
light E(t) are spontaneously emitted in the interior thereof upon establishing a current therethrough. Some of these 
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waves will be emitted at the emission face thereof into the optical fiber butted thereagainst, and some will he reflected 
from that interface to be transmitted through the interior of that diode to the opposite surface where these wave portions 
are again reflected to return to this same interface x s seconds later as the geometrical structure determined round trip 
propagation time. As is well known, the amplitude of these returning waves will be r^g where and r 2 are the reflec- 
tion coefficients at the diode emission surface and the diode surface opposite thereto, and g is the gain in the effective 
resonance cavity established between these surfaces. Thus, the total of the emitted electromagnetic waves consider- 
ing multiple, back-and-forth reflections can be written as 



The complex degree of coherence function for the electromagnetic waves emitted by source 1 1, or its normalized 
autocorrelation function, in accord with the foregoing can be written as 

with T being the relative retardation delay time between the two wave representations in the numerator. Substitution of 
the expression above for E Tol (t) yields 

_ ((E(t) + r ir gE(t-Tj + - • )(£-(f-7) +r ir #E'(t-T r T) + - • •)) 

Since, for the spontaneous emission C(t)E*(t-T) >-0 unless T-0, this last expression Has the values: 

y(T) = l/or T = 0 

3 r i r £ M T = ±t/ 
r .r?r 2 y for T = ±2x s 
etc, 

and has a value of approximately zero for other values of T. However, dispersion within the laser diode will lead to some 
broadening of the peaks about the multiples of the effective retardation time interval delays x r , set by the laser diode 
geometrical structure round trip propagation time of the same duration (x s =T t ), along retardation delay time axis T to 
thereby extend over fractions of delays x r at the opposite ends of each, and will lead to some diminution of the values 
of those peaks. Such a source normalized autocorrelation function is shown in Figure 3 for a laser diode operating 
below the lasing threshold of r n r 2 g=1 . A portion of a measured source function is shown in Figure 4. The peaks in 
so each instance are separated in retardation delay time by time durations, or retardation interval delays v on the order of 
7x10" seconds. The half-power width in time of the peaks is representative of the coherence time of the laser diode 
operating below threshold, and is typically around 5 x 10~ 14 seconds. 

Some potential sources for source 1 1 have considerably more complicated complex degree of coherence func- 
tions. Some broadband semiconductor sources ; for instance, have absorptive material in the resonant cavity portion 
55 thereof which thereby provides multiple paths for electromagnetic radiation therein, and so a number of different geo- 
metrical structure round trip propagation times. x im] . Each such propagation time leads to a corresponding set of peaks 
in the complex degree of coherence function which may so densely overlap so as to make difficult or impossible to find 
any repetitive, relatively large low function value ranges as effective repetitive retardation intervals. That is, there may 
be retardation intervals of different delay duration values in the function. Such sources often have fairly rapidly decaying 
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complex degree of coherence functions. These functions typically are at very low values for all retardation times 
exceeding four times the single pass propagation delay through the longest linear dimension of the complex cavity in 
such sources in which the electromagnetic waves to be emitted are generated. 

The total phase error due to all splices A<t> Amp | Tot _ as , set out in the expression given above therefor, can be substan- 

5 tially avoided in the system of Figure 2 by keeping the complex degree of coherence function therein, y(x p +Nx d ), rela- 
tively small. Such avoidance of amplitude related phase error can be achieved by choosing the results of combining the 
difference in propagation times for electromagnetic waves traveling in the transmission and blocking axes of polarizer 
15, x p , with each alternative integral multiple (N=0 excluded) of the difference in propagation time of such waves in the 
"x" and Y axes of section 10" of depolarizer 10', Nx d at values for which the corresponding complex degree of coher- 

10 ence function y(x p +NTd) is negligibly small. Simultaneously, to avoid signal fading, the complex degree of coherence 
function y(Nx d ) associated with the signal time averages, or signal autocorrelation functions, must be kept relatively 
small also (excluding the N=0 situation). This requirement is met by keeping the difference in propagation time between 
electromagnetic waves in the "x" and "y" axes of section 10" of depolarizer 10\x d , and its multiples, at values such that 
this latter complex degree of coherence function also js negligibly small in these other situations. That is, the polariza- 

15 tion state preserving elements on the loop or coil side of the coupling point to the left of polarizer 15 are chosen to have 
selected polarization component propagation time differences to keep the amplitude related phase errors relatively 
small, and to avoid signal fading. 

Thus, measuring the complex degree of coherence function for source 1 1 permits determining the retardation time 
interval x r (or the various different interval delay durations x r . n present) associated therewith. Then a polarizer 15 must 

20 be chosen having a certain difference in time between electromagnetic waves propagating therethrough in the blocking 
and transmission axes thereof, as must the length of polarization -maintaining optical fiber for section 10" of depolarizer 
10' to set the total delay time therein between waves propagating in its fast and slow axes (section 10"' of depolarizer 
10* is made twice as long section 10" thereof). The time delays through the chosen polarizer 15 and the chosen length 
of polarization-maintaining optical fiber section 10" must be such that x p +Nx d (N*0) have values along the time delay 

25 axis over which the complex degree of coherence of source 11 is measured that fall between the peaks of that function 
where it has relatively low values. A similar requirement must also be met by the length of polarization-maintaining opti- 
cal fiber 1 0" such that Nx d (N*0) has values along the time delay axis over which the complex degree of coherence of 
source 1 1 is measured that simultaneously fall between the peaks of that function where it has relatively low values. 
Of course, as can be seen in Figure 3, if the polarizer chosen for use including any polarization-maintaining optical 

30 fiber extending therefrom has a sufficient delay time for propagation of orthogonal polarization components x p between 
its transmission and blocking axes, the complex degree of coherence function will have become negligible even at 
peaks therein. However, such polarizers are relatively expensive and so there is a desire to use polarizers offering 
shorter delays between electromagnetic waves propagating in its blocking and transmission axes. Thus, by allowing the 
length to be used to be such that polarization propagation velocity difference times plus those for multiples of the prop^ 

35 agation difference time in section 10" of depolarizer 10' fall between the peaks of the source complex degree of coher- 
ence function, but out to no more than the fourth peak, for instance, relatively shorter lengths of fiber may be used while 
still avoiding amplitude type phase error. 

On the other hand, the polarization component propagation time differences in polarizer 15 usually will not be at 
the zeroth peak since current practical polarizers will introduce some delay difference, and often cannot be near the first 

40 peak because that will not assure a sufficient attenuation of the error. This latter situation comes about because the 
result explicjtly found for the amplitude type error is based on some special situations such as the losses in the ordinary 
single spatial mode fiber, including in the fused couplers, not being polarization independent, and that the a N and p N 
coefficients do not exhibit any significant polarization dispersion even at lower temperatures, situations which have 
been indicated above to not always be true. In systems where these special situations do not occur, or in the further 

45 situation in which group dispersion delay occurs, setting the delays for polarization 1 5 and section 1 0" of depolarizer 1 0' 
around the second peak of the source complex degree of coherence function better assures sufficient attenuation to 
adequately reduce the additional errors that these last described conditions can cause to arise. 

For instance, if the losses in loop coupler 17 are polarization dependent, such as is effectively the result of having 
different splitting ratios of electromagnetic waves at two coupler output ports of waves introduced at an input coupler 

so port for each of the two orthogonal wave polarizations, additional amplitude phase error terms will become significant 
and appear in the equation for A<p Amp j Tot . as . Such additional terms will generally have the forms 
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P u and P v remain the powers of the electromagnetic waves emitted along the orthogonal axes of source 11 respec- 
20 tively. 

If. as is suggested below, the delay time x p associated with the polarizer (plus any length of polarization-maintaining 
optical fiber extending therefrom to the splice with optical fiber extending from loop coupler 1 7, and plus any such length 
of fiber extending from the opposite side of polarizer 15 to the i th coupling point between polarizer 15 and source 1 1) is 
set equal to a multiple of a retardation interval in the source complex degree of coherence function, these additional 

25 error terms will be significant in the circumstances since the complex degree of coherence function involved will be rel^ 
atively large. Hence, setting x p to a multiple of the source retardation interval greater than one will substantially reduce 
this source of error because of the significant diminution in peak values with increasing multiples of the retardation inter- 
val in the source complex degree of coherence function. Further, the loss difference between the two polarization 
modes in coupler 17 between an input port or fiber arid an output port or fiber may have to be specified at a suitable 

30 maximum such as being less than 10%. 

Hence, one choice of polarization component propagation relative delay times for polarizer 15 and section 10" of 
depolarizer 10' (which, of course; sets the length for section 10"') which has been fouhd satisfactory is to choose the 
delay time x p associated with the polarizer (plus any length of polarization-maintaining optical fiber extending therefrom 
to the splice with optical fiber extending from loop coupler 1 7; and plus any such length of fiber extending from the oppo- 

35 site side of polarizer 1 5 to the i lh coupling point between polarizer 1 5 and source 1 1) to be equal io a multiple of a retar- 
dation interval in the source corhplex degree of coherence function (assuriiing equal repeated intervals in the function), 
i.e. set x p =mx r where m is an integer. In addition, the polarization component relative propagation time delay associ^ 
ated with section 10" is set to be equal to a fraction of the retardation interval time of the source complex degree of 
coherence function. The choice (a) giving the greatest spacing between the resulting delay values of x p +Nx d for N=-3, 

40 - 2. -1 , 1 , 2 and 3 along the delay axis over which the complex degree of coherence function for source 1 1 is measured! 
and the peaks located at multiples of x r along the delay axis in that same function, and (b) using the least amount of 
polarization-maintaining optical fiber, is to set x d =x r /4 . 

Making that choice and making the choice of m=2 so that x p =2x- rather than m=1 to reduce errors arising 
because of the situations described above, the delays shown as vertical arrows will occur along the delay axis over 

45 which the complex degree of coherence function for source 1 1 of Figure 3 as shown in Figure 5. Of course, other values 
could be chosen for x d which would also clear the peaks in the source 11 complex degree of coherence function, 
assuming x p chosen to be a multiple of x r , including x d =2/5x r , 3/5x r or 3/4x r 

Choosing x d to give the widest spacing between members of the delays x p +Nx d (N*0) and the peaks of the source 
1 1 complex degree of coherence function provides a degree of safety through the tolerance provided by keeping the 

so delays x p +Nx d (N*0) as far as possible from the nearest peaks of the source 1 1 complex degree of coherence function. 
Such a tolerance can be needed because, at cold temperatures, the ordinary single spatial mode optical fiber in coil 10 
develops significant birefringence which gives the possibility of this fiber in effect constituting an extension of the polar- 
ization-maintaining optical fibers in depolarizer 10\ In that situation, x d supposedly set by the lengths of polarization- 
maintaining optical fiber chosen for sections 10" and 10"' of depolarizer 10' may effectively change through the result of 

55 having delay increments added thereto because of the behavior of the ordinary single spatial mode optical fiber in the 
remainder of coil 10. 

Further, the presence of dispersion over the optical path from the "wavy" reference line through coil 10 and back 
means added delays. Such delays may be fixed delays or group delays, or several differing group delays one in each of 
several corresponding frequency bands, and the resulting broadening of the delays into ranges of delay in at least some 
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situations must be taken into account in determining the propagation time differences between electromagnetic waves 
traveling through polarizer 15 or depolarizer 10\ or through an optical integrated circuit which may be used for optical 
phase modulator 19 and loop coupler 17 for instance. The ranges of delays resulting from the broadening of the prop- 
agation time differences from single values to effectively a range of values requires that the appropriate ranges of 

5 delays must then be kept between the peaks of the source complex degree of coherence function to keep the value of 
that function negligibly small as indicated above. 

As shown above, the phase error A<p e comprises two kind of error terms as was reflected in the equation 
A<p e =A<p Amp ,+A<p, nten . As indicated above, this last equation should have the notation therein changed when the 
source spectrum is taken into account to more fully indicate its breadth for splices, i.e. A<p e =A<p Amprrot +A<p, ntenToJ ■ 

w Because of the cumulative nature of the phase errors due to each splice considered alone, this last expression, following 
the indications above, should be generalized further to A(p G =A<p Amprrol . as +A(p ln!enTot . as This generalization of the 
additive expression for the phase error A<p e , involving the amplitude related phase error and the intensity related phase 
error, hojds ior the intensity phase error consideration of whjch will begin with the term A<pi nten since the expression 
therefor was given above. 

15 Beginning with the expression for A<p| nten found above, but again finding the total intensity type related error, A<p| n _ 

tenTot- a 9 r ?ss the spectral width of at least source 1 1 requires once more taking into consideration the optical power pro- 
vided at each vajue of the optical frequency y in the optical frequency range of interest, or as a nominal value, 

20 

25 to yield 

tC 

_ e»J/ih{ g ^y)g 3B ;(v)[|g < (v)f-|y y (v)f]}dv 



30 



AO 



45 



50 



55 



Once again, the evaluation of this expression based on substituting the corresponding transfer matrix elements therein 
is more conveniently dealt with through breaking this last expression up according to is numerator and its denominator 
35 as 



^ InLcntot 5 "' " a 

*flnienTot-d 



where 



and 

4<Pw,ro,-«i * j>«(v)r z (v)f dv ... 

Again, use was made of the fact that the integral of the imaginary part of a complex variable over a real variable is equal 
to the imaginary part of the integral of that complex variable over the real variable. The values of the transfer matrix ele- 



35 



BNSDOCID: <EP 0760461A1 I > 



EP 0 760 461 A1 



ments must then be substituted into these expression, which elements were set out above. 

The remainder of the analysis based on the last equations with the appropriate transfer matrix elements therein 
proceeds much as the analysis did in the determination of the amplitude related phase error. However the steps in this 
analysis w.ll not be repeated here as the phase error related to intensity turns out to be relatively insignificant Just a 
single term in the resulting equation found for the intensity error has the potential to give a magnitude which could be 
sufficiently large to add appreciably to the total phase error. That term is of the form 

PoITrwi-in 

where /([Li].[L 2 ]) represents a function of the matrix elements in the matrix operators [L 1 j and [L 2 ] representing optical 
fiber lengths L 1 and L 2 , respectively. The symbol A y represents the misalignment of the 45° splice in the depolarizer ' 
10', or any effective misalignment caused by polarization dependent loss within lengths L-j and L 2 . Thus, that splice is 
modeled as there being an angular relationship between the principal birefringent axes of the polarization-maintaining 
optical fiber segments 10" and 10'" on either side of the splice thereof, that angular relationship being 45°+An/ the 
power ratio has therein variables P Po , T ran-in and P Po | B iock-in representing the wave power incident on the transmission 
and blocking axes of polarizer 15 on the source side thereof., 

Since the value of the function depending on the optical fiber parameters and lengths L, and L 2 can take values on 
the order of unity, the magnitude of the intensity error will depend on the quality of polarizer 15, represented in the last 
equation by its extinction coefficient c, and the amount of misalignment error Ay. Since the extinction ratio for polarizer 
15 appears in the last equation for the intensity error as the square thereof, a well designed polarizer having its extinc- 
tion coefficient on the order of 60 db permits A ¥ to be on the order of several degrees and still result in the intensity error 
being negligible. A lesser quality polarizer will require a closer tolerance on the misalignment of the 45° splice at depo- 
larizer 1 0\ but since present day alignment techniques are capable cf leaving the angular relationship between the prin- 
cipal birefringent axes in lengths 10" and 10'" of depolarizer 10* with a deviation from 45° that is on the order of a tenth 
of a degree, this last expression representing the phase error due to intensity can be kept negligible through use of 
polarizers of reasonable quality, if not excellent quality. 

Source coupler 12 in Figure 2 is described above as being formed of polarization-maintaining optical fiber thus 
forming a relatively expensive directional coupler. This kind of directional coupler can be avoided with the use of a fur- 
ther depolarizer with source 1 1 . that is, a directional coupler can be formed of ordinary single mode optical fiber for use 
as source coupler 12 if another depolarizer is used in series with that coupler to assure insertion of waves reaching 
polarizer 1 5 into every polarization mode. 

Such an arrangement is shown in Figure 6 where a further depolarizer, 1 1\ is shown between source 1 1 and a 
source coupler. 12\ formed of ordinary single mode optical fiber. A length of ordinary single mode optical fiber extends 
appropriately from the emission face of source 11 to a splice with a first polarization-maintaining optical fiber portion 
1 1 ", in depolarizer 11 \ A second portion of polarization-maintaining optical fiber, 1 1 substantially twice as long as por- 
tion 1 1 ", is spliced to portion 1 1 " with its principle axes of birefringence at equal angles to those of portion 1 1 , i.e. angles 
of 45° between axes of one with respect to those of the other to form a 45° splice. Thus, depolarizer 1 V is much like 
depolarizer 1 0* but the lengths of the corresponding portions of each will typically differ from that of the other. 

The remaining end of portion 11'" is spliced to the ordinary single mode optical fiber extending from the coupling 
region in source coupler 12'. Also extending from that side of coupler 1 2' is another portion of ordinary single mode opti- 
cal fiber to photodetector 13. On the opposite side, such a portion of fiber extends to polarizer 15 to be spliced against 
the transmission and blocking axes thereof (or splice to a length of polarization-maintaining optical fiber extending from 
polarizer 15 having its principle axes of birefringence aligned with those transmission and blocking axes. Finally, a fur- 
ther such fiber portion ends in a nonreflective termination, 16'. 

Although the system of Figure 6 will operate using an economical source coupler formed of ordinary single mode 
optical fiber, amplitude related phase errors, which occur therein much like they do in the system of Figure 2, are some- 
what more difficult to reduce or eliminate through proper choices of electromagnetic wave polarization component rel- 
ative delays in polarizer 15 and depolarizers 1 0' and 1 1 '.The added delays due to depolarizer 1 1 ' also show up in the 
source complex degree of coherence function in the error terms in addition to those of polarizer 1 5 and depolarizer 1 0' 
making the proper selections of the relative polarization component delays to minimize the value of such functions more 
difficult. 

This difficulty can be reduced significantly by a simpler expedient for depolarizer 1 V involving use of just a single 
further relative polarization component delay device. As shown in Figure 7, a single length of polarization-maintaining 
optical fiber, 1 1 is used in the system shown there in place of depolarizer 1 1 ' in the system of Figure 6. One end of 
length 1 1 M " is spliced to the ordinary single mode optical fiber extending from the coupling region of source coupler 12'. 
The opposite end of length 1 1 "" abuts, or is spliced to, the emission face of source 1 1 with its principle axes of birefrin- 
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gence at equal angles with the uncorrelated emission axes of source 1 1 , i.e. oriented at 45° to these source axes. The 
other designation numerals in Figure 7 for the devices, transmission paths, and blocks there are the same as those 
used for corresponding items in Figure 2. 

Depolarizer fiber segment 11"" beginning the optical path in the system of Figure 7 from source 11, is chosen of 
such a length as to have a delay difference between an electromagnetic wave polarization component propagating 
along the "y" axis thereof and another orthogonal component propagating along the "x M axis thereof of a value desig- 
nated -tfr Here, t b =l b An bconst /c for a fixed propagation delay where l b is the length of beginning fiber segment 1 1 M " and 
An bconsi =n xb' n yb is tne differential index of refraction between the slow and fast axes thereof, or 
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for a fixed group delay. The delay across polarizer 1 5 from the coupling point thereof to the ordinary single mode optical 
fibers extending from the coupling regions of source coupler 12 and loop coupler 17, including any polarization-main- 
taining optical fiber extensions from the main portion of polarizer 1 5 to reach splices with these coupler fibers, continues 
to be designated as t p . 

An analysis of the system of Figure 7, proceeding like that in connection with Figure 2, similarly begins with a com- 
posite Jones matrix as a matrix operator operating on the expression for the electromagnetic waves appearing at the 
"wavy" reference line to the left of polarizer 15 which will propagate in the clockwise direction through coil 10. Since this 
portion of the system in Figure 7 to the right of the "wavy" line in that figure does not differ from portion to the right of 
the "wavy" line in Figure 2, the composite matrix operator for the system of Figure 7 with the same limitations as above 
can be repeated as 
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The symbols in this last expression retain the same meaning here as they had for the system of Figure 2. 

This last composite matrix operator for the system of Figure 7, representing the effects on electromagnetic waves 
leayjng the "wavy" reference line to propagate through coil 10 and return again, has again some terms in those corre- 
sponding products of the transfer matrix elements needed to evaluate A<p Amprrot which have x d appearing therein and 
some terms which don't just as the system of Figure 2 does. Once again, those terms in such products which do not- 
have T d appearing in them will be found to sum to zero because of the presence of depolarizer 1 0' if losses in the optical 
fiber following polarizer 1 5 are polarization independent. 

As above, completing a finding of the total amplitude phase error A<p Amp | Tot for the system as it occurs at the "wavy" 
reference line, the electromagnetic waves emitted from source 1 1 , passing through the 45° splice at the emission face 
of that source, optical fiber segment 1 1"" and source coupler 12\ must be introduced into this last expression. This is 
accomplished through using the individual equations implied in a Jones matrix equation relating E x (t) and E y (t) to u(t) 
and v(t), but differing from that matrix relating these waves used previously in the analysis of the system of Figure 2. A 
new matrix must be used to represent transmission this optical path portion between source 1 1 and the "wavy" refer- 
ence line which is 
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In this last expression, the matrix component [L 3 ] has within it elements which represent the behavior ot the ordi- 
nary single spatial mode optical tiber over the extent thereof not involved in forming fiber optic components and also 
the behavior of those portions of that fiber in source coupler 12\ These elements will substantially vary with the envi- 
ronment such as changes in the birefringence present therein with changes in temperature, as for the matrices rU] and 
L 2 ], and have the general form thereof but using the splitting factor q rather than p v The matrix component containing 
the parameter x b represents polarization-maintaining optical fiber segment 11—. and the remaining matrix component 
represents the 45° splice at the emission face of source 11. 

The products of the composite matrix operator elements in the expression preceding the last needed to evaluate 
A«PAm P not will not be set out here as the overall analysis is very similar to that used in connection with the System of Fig- 
ure 2. The result of such an analysis of the system of Figure 7 shows that there is a complex degree of coherence fun* 
t|on in the numerator of A«p AmplTot which again must be made negligibly small for the purpose of reducing 6r eliminating 
the amplitude related phase error, this function being y(x p +Mx b +Nx d ) where M=-i or 1 arid N=-1 1 -2 2 -3 or 3 

Again, evaluating the denominator A<p AmpltoW for A<p AmplTol gives the result much like that of the' system of Figure 
2 in that a complex degree of coherence function is present therein as given hereafter, and so again imposing the signal 
fading criteria used with that system permits the system of Figure 7 to reduce or eliminate the amplitude related phase 
error while also preventing signal fading. Hence, the requirement that T (Nx d +Qx b )=0 for N=1 .-1 .2.-2 3 and -3 and for 
Q=-1 .0 and 1 . Further. y(x b )=0 must be met to a significant extent to assure that the degree of polarization of electro- 
magnetic waves from source 1 1 is sufficiently low to avoid the possibility of too much blocking of those waves by polar- 

Thus. the source complex degree of coherence function in the in the expression for the numerator of A<p AmDlT . or 
p +Mx b +Nx d ) , must be kept at a relatively small value by choosing each of the results of combining (i) the differ- 
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ence in propagation time for electromagnetic waves propagating in the transmission and blocking axes of polarizer 15 
t p . alternatively (ii) with each of the integral multiples (M=0 excluded) of the difference in propagation time of such 
waves in the "x" and y axes of beginning optical fiber 1 1 "", Mx b . with each such alternative having in turn added thereto 
(...) alternates of the integral multiples (N=0 excluded) of the difference in propagation time of such waves in the V and 
y axes °» section 10" of depolarizer 10'. Nx d , to have a value for which this complex degree of coherence function is 
negligibly small. And simultaneously, to avoid signal fading, the source complex degree of coherence function 
YtNxd+Qxt.) must again be kept at a small value (excluding the N=0 situation) by having the propagation time difference 
of electromagnetic waves in the "x" and the y axes of section 10" of depolarizer 10\ x d . and certain integral multiples 
thereof, combined alternatively with each of the integral multiples of the difference in propagation time of such waves in 
the "x" and y axes of section 11"". chosen to have a combined delay value at which this complex degree of 
coherence function is negligibly small. Thus, the polarization state preserving elements in the optical subsystem after 
source 11 are chosen to have selected polarization component propagation time differences to keep the amplitude 
related phase enors relatively small, and to avoid signal fading. 

So. polarizer 15 must again be chosen in the system of Figure 7 to have a certain difference in time between elec- 
tromagnetic waves propagating therethrough in the blocking and trahsmissiori axes thereof, as must the lengths of 
polarization-maintaining optical fiber for section 1 0" of depolarizer 1 0" and. In addition, of beginning optical fiber 1 1 "" to 
set the total delay time between waves propagating in the fast and slow axes thereof, this polarizer 15 time deiay and 
the delays resulting from the lengths chosen for polarization-maintaining optical fiber sections 10" and 10"' of depolar- 
izer 1 0'. and of polarization-maintaining beginning bpticalf iber 1 V". must be such that x _+Mx b +Nx d (M,N*0) have val- 
ues along the time delay axis over which the complex degree of coherence of source 1 1 is riieasured that fall between 
the peaks of that function where it has relatively low values. Similarly, the delay associated with the choice of length of 
polarization-maintaining optical fiber 10" and the delay associated with the choice of length of polarization-maintaining 
optical fiber insert 1 1 -• must also be such that Nx d +Qx b (N*0) has values along the time delay axis over which the 
complex degree of coherence function of source 1 1 is measured that simultaneously fall between the peaks of that 
function where it has relatively low values, and such that x b has values on this axis at which this function is also simul- 
taneously small. 

Specifically, a choice of relative polarization component propagation delay times for polarizer 15 sections 10" and 
1 0"' of depolarizer 1 0'. and beginning fiber 1 1 ™ which has been found satisfactory in the system of Figure 6 is to choose 
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the delay time x p associated with polarizer 15 (plus any length of polarization-maintaining optical fiber extending there- 
from to splices with the ordinary single mode optical fiber extending from couplers 12 and 17) to be equal to a multiple 
of a retardation interval in the source complex degree of coherence function, i.e. set x p =m ,t r where m } is an integer. 
In the same manner, the length of beginning optical fiber 1 1 '"' will be set such that there is a delay % b associated there- 

5 with which is also a multiple of a retardation interval in the source complex degree of coherence function, that is, set 
tb =m 2 T r Where m 2 is an integer which wjjl lead to some signal fading because of only partial depolarization being pro- 
vided by segment IV". After satisfying these requirements ,the polarization component relative propagation time delay 
associated with section 1 0" of depojarizer 1 0' is set to be equal to a fraction of the retardation time interval of the source 
complex degree of coherence function, i.e. T d =m 3 T r where m 3 is a fraction. Setting m 3 =1/4 once more is a good 

io choice, as is setting m-|=2 and rri2=4. The same considerations gq into making these choices as went into the same 
choices selected in connection with the system of Figure 2 except that m 2 is desirably chosen to be an integer greater 
than one to help reduce signal fading. 

One of those considerations is that losses in source coupler 12* and loop coupler 17 may be polarization depend- 
ent, such as is effectively the result of haying different splitting ratios of electromagnetic waves at two coupler output 

is ports of waves introduced at an input coupler port for each of the two orthogonal wave polarizations. In that circum- 
stance, additional amplitude phase error terms will become significant and appear in the equation for A<p Amp | Tot . as . Such 
additional terms will generally depend on the complex degree of coherence function 7(t p +QT b ) where Q=0,1 and -1. Iff 
the delay time x p associated with the polarizer (plus any length of polarization-maintaining optical fiber extending there- 
from to the splices with the ordinary single mode optical fiber extending from couplers 12' and 17) and the delay time 

20 x b are each set equal to a multiple off a retardation interval in the source complex degree of coherence function, these 
additional error terms will be significant in the circumstances since the complex degree of coherence function involved 
will be relatively large. Hence, setting x p to a multiple of the source retardation interval greater than one will substantially 
reduce this source of error because of the significant diminution in peak values with increasing multiples off the retarda- 
tion interval in the source complex degree of coherence function. Again, a suitable maximum may have to be set for diff- 

25 ferential losses between polarization modes from input to outputs ffor loop coupler 17. 

In addition in connection with the system of Figure 7. finding the total intensity type related error, A<p, ntenTot , across 
the spectral width of at least spurge 1 1 requires once agajn evaluating the general expression therefor given above spe- 
cifically for this system. This is achieved by again substituting the corresponding transfer matrix elements therein. Since 
the system to the right of the "wavy" reference line in Figure 7 is the same as the portion of the system to the right of 

30 the "wavy" line in Figure 2, the same result ensues for the system of Figure 7 as was found for the system of Figure 2. 
However, here the power ratio will be close to zero rather than close to one, as in the system of Figure 2, because of 
the depolarization occurring through segment 11"". 

The system of Figure 7 can be implemented in a further alternative but optically equivalent manner as shown in Fig- 
ure 8. Rather than inserting segment 1 1 "" of polarjzation-maintaining optical fiber at the emitting surface of source 1 1 , 

35 such a segment, now designated 15', can be inserted between the ordinary single mode fiber extension from the cou- 
pling region of directional coupler 12' and polarizer 15 with the principle birefringence axes thereof making equal angles 
with the transmission and blocking axes off polarizer 1 5. This may be easier and more economical than joining fiber 1 1"" 
to the emission face as previpusly described. There is a slight difference from that arrangement in Figure 8 in that a 
polarization-maintaining optical fiber extension from polarizer 15 is shown in Figure 8 with its principle birefringence 

40 axes aligned with the transmission and blocking axes of polarizer 1 5, but spliced at equal angles with the principal bire- 
fringence axes off polarization-maintaining optical fiber segment 15'. The opposite end of segment 15 ! is spliced to the 
ordinary single mode optical fiber extending from coupler 12\ The composite operator used for the clockwise wave in 
the system of Figure 7 again applies for the same wave in the system of Figure 8. Generally, substantially the same 
analyses and the same results therefrom that occur for the system of Figure 7 apply to the system of Figure 8. The delay 

45 x b now appjies to the relative polarization component delay in segment 1 5'. 

In addition to the errors already described to which the system of Figure 1 is subject, there is a further source of 
error which fiber optic gyroscopes will often encounter, Although, as indicated above, there is little birefringence disper- 
sion in coiled single spatial mode optical fibers, this situation can still result in a phase error in a magnetic field, such as 
the earth's magnetic field, because of the Faraday effect. 

so That is, if polarized electromagnetic waves halving a relatively broad spectral distribution are introduced into the 
ordinary single spatial mode optical fiber of coil 1 0, those electromagnetic waves will still be substantially polarized even 
after propagating through several hundred meters of that fiber. Such a result implies that the electromagnetic waves at 
all wavelengths follow the same polarization change evolution during propagation. 

During the time of propagation that those waves are circularly polarized in coij 10, a uniform magnetic field intro- 

55 duces a non-reciprocal phase shift because off the Faraday effect, i.e. the changing off the indices of refraction for right- 
handed polarized light and ffpr left-handed polarized light because of the effects of the magnetic field on the medium in 
which the propagation occurs. The total non- reciprocal phase shift accumulated around coil 10 will average to zero to 
the extent that waves spend equal tjme in the right-and left-hand circularized polarization states traveling with and 
against the magnetic field. 
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Such a condition is very well met for an interferometric optical fiber gyroscope using polarization-maintaining opti- 
cal fiber in its coil with the result that such a fiber optic gyroscope is rather insensitive to magnetic fields. On the other 
hand, the system of Figure 1 , having a single depolarizer therein located between coil 10 and loop coupler 17, does not 
result in an averaging around the coil which will suppress magnetic field sensitivity even though that depolarizer distrib- 
utes the polarization states of the waves passing therethrough as a function of the optical wavelength. 

The electromagnetic waves passing through loop directional coupler 17 are split into clockwise and counterclock- 
wise waves each with an initial polarization state, these polarization states evolving to new polarization states as the 
waves propagate in opposite directions through depolarizer 10' and coil 10. Certain portions of the counter propagating 
electromagnetic waves, having taken the same polarization evolution through coil 10 and depolarizer 10', return to 
polarizer 15 in such a polarization state as to be passed through the transmission axis thereof. The other portions of 
the counterpropagatirig electromagnetic waves which have" taken different polarization evolutions will be rejected by 
polarizer 15. 

Depolarizer 10' does not solely control the polarization evolution of electromagnetic waves to distribute which of 
them are to pass through polarizer 15 along its transmission axis, but only assures that half of those electromagnetic 
waves do so. However, the particular wavelengths of the electromagnetic waves which will pass through the transmis- 
sion axis of polarizer 15 vary in time as does the specif ic polarization history of these waves, this being true because of 
the inevitable temperature changes of depolarizer 10' and coil 10. Changes in temperature lead to differing values for 
x d in depolarizer 10\ and temperature changes in coil 10 lead to changing birefringence therein, i:e. changing phase 
relationships between the polarization components of electromagnetic waves propagating therethrough. 

For instance, the clockwise electromagnetic waves, after passing through depolarizer 1 0' on the way to entering at 
the beginning of coil 10, are evenly divided between a pair of polarization states which are orthogonal to each other. 
Certain optical wavelengths are sent in one of these states and the remaining optical wavelengths are sent in the other 
state. Since there is little birefringence dispersion in the coiled single mode fiber, all the waves (i.e. all the wavelengths) 
in the one state follow the same polarization evolution through coil 10 and present themselves to the transmission axis 
of polarizer 15 to thereafter reach photodetector 13. Similarly, all the waves in the other state follow the same polariza- 
tion evolution through coil 10 and present themselves to the blocking axis of polarizer 15. Everywhere within the boil, 
waves originating in the first state are orthogonal to waves originating in the other state. Due to the changing birefrin- 
gence of coil 10 over temperature, just which of the waves leaving depolarizer 10' reach the transmission or blocking 
axes of polarizer 15 will change with temperature: Hence, the magnetic field induced phase differences between the 
counter-propagating waves reaching photodetectbf 13 after passing through the transmission axis of polarizer 15 at any 
particular time will be determined by only those waves having the currently preferred polarization evolution histories. 

Similarly, by reciprocity, the counterclockwise electromagnetic waves that reach photodetector 13 will also have 
been subjected to the effects in coil 10 that the clockwise waves reaching photodetector 13 have, but in the reverse 
direction. Thus, the polarization evolution of the waves reaching photodetector 13 is bein^ detected for both th4 clock- ' 
wise and counterclockwise propagating waves. ~ 

As a result, the phase differences of the electromagnetic waves reaching photodetector 13 have a time varying 
component therein. Those electromagnetic waves traveling in opposite directions through doit 10 will alternately be 
speeded or slowed with respect to the opposite direction wave in the same polarization £tate at the same wavelength 
because of propagating with arid then against the direction of the magnetic field with unequal times spent in right and 
left circularly polarized states. The changing wavelength of the waves reaching photodetector i 3 due to changing tem- 
perature means that waves associated with a propagation direction will hkve varying phase evolution histories in reach- 
ing photodetector 13 so that the magnetic field sensitivity leads to a bias drift in the gyroscope output signal over 
environmental changes in the presence of a rhagnetic field: 

In addition, if the tempierature changes in coil 1 0 are relatively rapid, a further source of hbh-reciprocal phase shifts 
arises, i.e. another source of phase error indistinguishable from the Saghac effect. During tim4s of such temperature 
changes, the preferred polarization paths of each of the counterpropagating electrbmaghetic waves in coil 10 are as a 
result changing. Since corresponding portions of these counterpropagating waves; propagate through any particularly 
part of coil 10 (excepting the coil midpoint) at different times, they will propagate along different preferred paths in that 
coil enroute to polarizer 15 thereby having such a non-reciprocal phase shift between them. This phase 6rror arises 
independently of the well-known errors due to time^varying temperature gradients occurring because of uneven heating 
and cooling occurring through th£ bulk of coil 10 

The addition of a second depolarizer between polarizer 15 and loop coupler 17~assures that there will be no pre- 
ferred polarization evolution history in the waves reaching photodetector 13, but rather that there will be contrfoutions 
from all such histories reaching photodetector 13 to effectively average to zero the magnetic field phase difference and 
the rapid temperature change induced phase difference associated with each such history and so eliminate drift in the 
output bias. The use of a partial depolarizer instead of a full second depolarizer will lead to partial averaging, and so 
partially eliminate drifting in the output bias. 

Such a system is shown in Figure 9 where a further portion of polarization-maintaining optical fiber. 15", has been 
added as an insert between polarizer 15 and loop coupler 17 as compared with the system of Figure 2. Polarizer 15 is 
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shown having a portion of polarization-maintaining optical fiber extending to the right therefrom with its "x" axis aligned 
with the transmission axis of polarizer 15 and its "y" axis aligned with the blocking axis of polarizer 15. Polarization- 
maintaining optical fiber added insert 15" is shown spliced to this piece of fiber extending from polarizer 15 in a 45° 
splice such that the "x" and "y M principal birefringent axes of insert 15" are at equal angles between the principal bire- 
fringent axes of the polarization-maintaining optical fiber extending from polarizer 15, i.e. at 45° from each. A further 
splice is made between polarization-maintaining optical fiber added insert 1 5" and the ordinary single spatial mode opti- 
cal fiber extending from loop coupler 1 7. The other designation numerals in Figure 9 for the devices, transmission paths, 
and blocks shown therein are the same as those used for corresponding items in Figure 2. 

.Thus, added insert 15" together with the polarization-maintaining optical fiber extending from polarizer 15 in a 45° 
splice form a potential full second depolarizer, but this insert alternatively can be configured to actually be a partial 
depolarizer as will be shown below. However, such a further full or partial depolarizer would also be formed if added 
insert 15" itself was spliced to polarizer 15 so that its "x" and "y" axes made equal angles with the transmission and 
blocking axes of polarizer 15, i.e. again at an angle of 45° from each. Hence, a polarization-maintaining optical fiber 
extension from polarizer 15 before the splice with added insert 15" is an unneeded extension, though it may be provided 
with polarizer 1 5, since in the circumstances in which the extension is omitted a depolarizer can be formed by appro- 
priately splicing polarizer 15 and added insert 15" together. Of course, a full two segment depolarizer lake depolarizer 
10* could be inserted between loop coupler 17 and polarizer 15 if an extension from polarizer 15 were provided of ordi- 
nary single mode optical fiber. 

Added insert 15" in the system of Figure 9 is chosen of such a length as to have a delay difference between an 
electromagnetic wave polarization component propagating along the "y" axis thereof and another orthogonal compo- 



nent propagating along the "x" axis thereof of a value designated t a . Here, x 
delay where l a is the length of added fiber insert 15" and An ac 
between the slow and fast axes thereof, or 



,=LAn f 



. t /c for a fixed propagation 



n xa -n ya is the differential index of refraction 
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for a fixed group delay. The delay across polarizer 1 5 from the i 1 ! 1 coupling point immediately left of the "wavy" reference 
line, including any polarization-maintaining optical fiber extension from the main portion of polarizer 15 to reach the 
splice with added insert 15", continues to be designated as x p . 

The presence of another depolarizing means in the system of Figure 9, due to including therein added insert 15" 
therein and the associated 45° splice, results in introducing partially polarized electromagnetic waves into coil 10 in 
selected circumstances. If the length of insert 15" is chosen so that the relative polarization component delay there- 
through equals a multiple of the retardation interval in the complex degree of coherence function of source 1 1 , only par- 
tial depolarization will occur. 

This can be seen if the orthogonal components of those waves are written E x and E y , and the corresponding, well 
known coherenqy matrjx is formed therewith, or 



J = 



<|£ x (f)i 2 ) (E;(t)E y (f)) 



The ratio of the intensity of the polarized part of the waves to the intensity of the waves in total is the degree of polari- 
zation "P and, as is well known, can be shown to be 
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l -4 det tJ] 
(tr[J]f 



55 where det[J] is the determinant of the coherency matrix and tr[J] is the trace of that matrix. For the system of Figure 9, 
the degree of polarization of electromagnetic waves entering coil 10 can be shown to be and which can further be 
shown to be the reciprocal of the factor by which the magnetic sensitivity of that system is reduced. Thus, if t b is chosen 
to have a value equal to a source complex degree of coherence function retardation interval, so that the function has a 
subsequent value typically from .01 to .1 or more, the magnetic sensitivity will be correspondingly reduced. The system 
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of Figure 2, of course, with the propagating waves therein leaving polarizer 1 5 directly to enter coil 10 through loop cou- 
pler 17 without further depolarizing optical components in the path has the degree of polarization of those waves enter- 
ing coil 10 essentially equal to one to within c 2 thereof. 

Ah analysis of the system of Figure 9, proceeding like that in connection with Figure 2, again begins with a com- 
posite Jones matrix as a matrix operator operating on the expression for electromagnetic waves appearing at the 
"wavy" reference line to the left of polarizer 1 5 which will propagate in the clockwise direction through coil 1 0. Accepting 
the same limitations as before, the composite matrix operator for the system of Figure 9 can be written as 
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where again the middle three component matrices in this last expression for the clockwise composite transfer matrix 
together represent depolarizer 10V 

The additional matrices containing the delay parameter <r a , and the matrices adjacent thereto containing elements 
based on the value 1 H2 represent the depolarizer formed by the 45° splice of added insert optical fiber 1 5" and polar- 
izer 15 (or the polarization-maintaining optical fiber extending therefrom to the splice with insert 15**). The component 
matrices representing the lengths of ordinary single spatial mode optical fiber L-\ and L 2 , [L{\ and [L 2 ], can be repre- 
sented in the same general form as given above therefor. Here, the lengths L, and L 2 extend to either side of depolar- 
izer 10* as before, but each begins at the splice of added insert polarization-maintaining fiber 15" with the ordinary 
single spatial mode optical fiber extending from loop coupler 17. 

This last composite matrix operator for the system of Figure 9, representing the effects on electromagnetic waves 
leaving the "wavy" reference line to propagate through coil 10 and return again, again has some terms in those corre- 
sponding products of the transfer matrix elements needed to evaluate A<pAmpiTot which have x d appearing therein and 
some terms which dont. Also once again, those terms in such products which do hot have T d appearing in thtem sum 
to zero because of the presence of depolarizer 10' if losses in the optical fiber following polarizer 15 are poiarizatioh 
independent. This situation can be shown by substituting in this last composite matrix operator a more general matrix 
[L 3 ] in place of the matrices therein representing the effects of added insert optical fiber 15", and of the 45° splice 
between that insert and polarizer 15 (or the polarization-maintaining optical fiber extending therefrom to the splice if 
used). Such a substitution provides for any sort of optical fiber. insert between polarizer 15 and loop coupler 17 to 
thereby give a result of greater generality. Doing such substituting leads to a corresponding generalized composite 
transfer matrix ^ operating on electromagnetic waves leaving the "wavy" reference line to propagate through coil 
10 and depolarizer 10' and return, or . 
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where [L 3 ] will have the same general form, omitting p 1 in the absence of any split of the waves therethrough, as did 
[L-,] and [L 2 ]. Thus, [L 3 ] is written as 



A 3 B 3 
C 3 D 3 



Expanding this matrix operator G cw _ g allows determining the elements of the composite transfer matrix. The first 

two are found to be 

it..., 
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In finding the amplitude phase error A<p Ampnbt , the first numerator term A<p AmplTot _ ^requires finding the produ&t g xx . g 
9xy-g as indicated above. From the foregoing transfer elements of the composite transfer matrix, one can see that this 
product will contain 256 terms of which 64 will not contain the delay parameter ? d . 

Because of exhibiting losses independent of polarization (though this may not always be true in every instance as 
s indicated below), matrix [L3] and again matrices [L,] and [L 2 ] will be unitary, and so 







= o, 
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= 0,and 




i4 3 *B 3 + C 3 *D 3 


= 0. 
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Using these equations, the result for the product g^.g g^.g will have the 64 terms without t d therein summed to zero 
leaving only terms in which the parameter x d appears. A similar result can be shown for the product g xx . g (v*) g yx . g (v), 
and so the evaluation of A<p Amprrb t can proceed for the system of Figure 9 essentially as it proceeded for the system of 
Figure 2. In this analysis, the relationship between the electric fields at the "wavy" reference line and emission electric 
20 fields at source 11 is again the one used in the analysis of the system in Figure 2 rather than the relationship set out for 
the analysis of the system of Figure 7. As a result, the numerator of A<p ArnplTot for the system of Rgure 9 is found to be 

25 

E E VMjiY'pj+MxsNxJi , 

30 where ti 0 =n o.o =T l 1 o=° . and tne otner values for r| M N obtained from analysis are not presented since only the com- 
plex degree of coherence of source 1 1 in the numerator of A^A^Tdti having the system imposed relative delays of the 
polarization components in its argument as given in the last equation, is needed for the purpose of designing the system 
of Figure 9 to reduce or eliminate the amplitude related phase error. 

Evaluating the denominator A<p AmplTotHj for A<p AmplTot gives a result for the system of Figure 9 very much like that for 

35 the system of Figure 2 in that a complex degree of coherence function is present therein as given below. Hence, again 
imposing the signal fading criteria used with that system permits the system of Figure 9 to reduce or eliminate the ampli- 
tude related phase error while also preventing signal fading. 

Thus, the source complex degree of coherence function in the last expression y*(x p +Mx a +r>k d ) must be kept at 
a relatively small value by choosing each of the results of combining (i) the difference in propagation time for electro- 

40 magnetic waves propagating in the transmission and blocking axes of polarizer 15, x p , alternatively (ii) with each of the 
integral multiples of the difference in propagation time of such waves in the V and "y" axes of added insert 15", Mx a , 
with each such alternative having in turn added thereto (iii) alternates of the integral multiples (N==0 excluded) of the dif- 
ference in propagation time of such waves in the "x" and M y" axes of section 10" of depolarizer 10', r\k d , to have a value 
for which this complex degree of coherence function is negligibly small. Again simultaneously, to avoid signal fading, the 

45 source complex degree of coherence function r(NT d +Q2xa) with Q=-1,0,1 must be kept at a small value (excluding the 
N=0 situation) by having the propagation time difference of electromagnetic waves in the "x" and the "y" axes of section 
10" of depolarizer 10', x d , and certain integral multiples thereof, combined alternatively with each of the integral multi- 
ples of twice the difference in propagation time, of such waves in the V and y axes of section 15", Q2x a , chosen at 
values such that this complex degree of coherence function is negligibly small in these other situations, thus, again, the 

so polarization state preserving elements on the loop or coil side of the coupling point to the left of polarizer 1 5 are chosen 
to have selected polarization component propagation time differences to keep the amplitude related phase errors rela- 
tively small, and to avoid signal fading. 

Thus, polarizer 15 must again be chosen in the system of Figure 9 to have a certain difference in time between 
electromagnetic waves propagating therethrough in the blocking and transmission axes thereof, as must the lengths of 

55 polarization-maintaining optical fiber for section 10" of depolarizer 10' and, now also, of added insert 15" to set the total 
delay time between waves propagating in the fast and slow axes thereof. This polarizer 15 time delay and the delays 
resulting from the lengths chosen for polarization-maintaining optical f ibfer sections 1 0 n and 1 0"' of depolarizer 1 0', and 
of polarization-maintaining optical fiber added insert 1 5", must be such that x p +Mx a +Nx d (N*0) have values along the 
time delay axis over which the complex degree of coherence of source 1 1 is measured that fall between the peaks of 
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that function where it has relatively low values. Similarly, the delay associated with the choice of length of polarization- 
maintaining optical fiber 10" and the delay associated with the choice of length of polarization-maintaining optical fiber 
insert 15" must also be such that Nx d +2Qx a (N*0) has values along the time delay axis over which the complex 
degree of coherence function of source 1 1 is measured that simultaneously fall between the peaks of that function 
where it has relatively low values. 

Selecting again one particular choice of relative polarization component propagation delay times for polarizer 15, 
sections 1 0" and 1 0*" of depolarizer 1 0', and added insert 1 5" which has been found satisfactory in the system of Figure 
9 is to choose the delay time x p associated with polarizer 15 (plus any length of polarization-maintaining optical fiber 
extending therefrom to a splice with added insert 15", and plus any length from the opposite side of polarizer 15 to the 
i th coupling point between polarizer 15 and source 1 1) to be equal to a multiple of a retardation interval in the source 
complex degree of coherence function, i.e. set x p =m where n^ is an integer. Similarly, the length of added optical 
fiber insert 15" will be set such that there is a delay x a associated therewith which is also a multiple of a retardation inter- 
val in the source complex degree of coherence function, that is, set x a =m 2 t r where m 2 is an integer. Then, again, the 
polarization component relative propagation time delay associated with section 10" of polarizer 10' is set to be equal to 
a fraction of the retardation time interval of the source complex degree of coherence function, i.e. x d =m 3 x r where m 3 
is a fraction. Again, setting m 3 = 1/4 is a good choice, as is setting rrv|=2 and m 2 =4. 

If the extinction coefficient of polarizer 15 is small enough and the polarization dependent loss over lengths and 
L 2 is small enough, the choices of m 1= 1 and m 2 =2 can be made (without an undue increase in intensity error or ampli- 
tude error). Note that with either of these sets of choices, the degree of polarization 3* of electromagnetic waves enter- 
ing coil 10 is y(x a =4x r or2x r ) so that this; function is evaluated at a peak in the source coherence function and is 
relatively large in value typically being in the range of several hundredths to a tenth or more for a typical source. 

As before, the same considerations go into making these choices here as went into the similar choices made in 
connection with the system of Figure 2. Thus, if different splitting ratios of electromagnetic waves, introduced at an input 
coupler or port. of loop cpupjer 1 7, occur at two of its coupler output ports for each of the two orthogonal wave polariza- 
tions so that the losses in loop coupler 17 are polarization dependent, additional amplitude phase error terms will 
become significant and appear in the equation for Ay^^.^ which can be obtained for the system of Figure 9 though 
not set out here. Such additional terms will generally have the forms 

U 



(4 2 fl 2 - + C 2J D;)^Are Y (t p+ MT a ) 



where M=1 and -1 , and 

[(c 2 J .e=)-( fl f.flf)]^„ w . 

P u and P v remain the powers of the electromagnetic waves emitted along the orthogonal axes of source 11 . The first 
two of these last three equations shows that the choice of m n =m 2 should not be made in setting values for x p and x a 
above because the argument of the second complex degree of coherence function would then take a value of zero for 
M=-1, a situation which leads to errors due to polarization dependent loss that are unacceptably large. 

If, as is suggested above, the delay time x p associated with the polarizer (plus any length of polarization-maintain- 
ing optical fiber extending therefrom to the splice with added optical fiber insert 15", and plus any such length of fiber 
extending from the opposite side of polarizer 15 to the i th coupling point between polarizer 15 and source 11) is set 
equal to a multiple of a retardation interval in the source complex degree of coherence function, these additional error 
terms will be significant in the circumstances since the complex degree of coherence function involved will be relatively 
large (particularly if x a is also set to a multiple of a retardation interval in the source complex degree of coherence func- 
tion). Hence, setting x p to a multiple of the source retardation interval greater than one, as also suggested above, will 
substantially reduce this source of error because of the significant diminution in peak values with increasing multiples 
of the retardation interval in the source complex degree of coherence function. Further, the loss difference between the 
two polarization modes in coupler 1 7 between an input port or fiber and an output port or fiber may in this situation also 
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have to be specified at a suitable maximum. 

An alternative solution to the presence of error terms due to polarization dependent losses in the optical subsystem 
of Figure 9, one which uses less of the expensive polarization-maintaining optical fiber, is to not set Xp to equal a multi- 
ple of the retardation interval in the source complex degree of coherence function. Thus, instead, set m 1 in t p =m 1 x r 
equal to a mixed whole and fractional number greater than one such as 1 1 12 or 2 1/2, etc. leaving m 2 in t a =m 2 x r an 
integer such as one. Then rrvj in x d =m 3 x r remains a fraction but a choice giving the greatest margin between resulting 
delay values and adjacent peaks in the pertinent source complex degree of coherence function is 1713=7/8. With these 
choices, the error terms arising because of polarization dependent optical losses will remain small because the result- 
ing delay values in the corresponding source complex degree of coherence functions will be such that these functions 
will have relatively small values. 

Further for the system of Figure 9, f inding the total intensity type related error, A(p lhte hTot, across at least the spectral 
width of source 1 1 requires once again evaluating the general expression therefor given above adapted specif icaiiy for 
this system. This is achieved by again substituting the corresponding transfer matrix elements therein. 

Here again, such an analysis, based on substitutions of the appropriate transfer matrix elements, proceeds rriucn 
as the analysis did in the determination of the amplitude related phase error for the system of Figure 2. Again, the steps 
in this analysis will not be repeated here as the phase error related to intensity turns out to be relatively insignificant. As 
before, just a single term in the resulting equation found for the intensity error has the potential to give a magnitude 
which could be sufficiently large to add appreciably to the total phase error. That term is of the form 



where again /([L^,^]) represents a function of the matrix elements in the matrix operators [Lj] and [L2] representing 
optical fiber lengths Lj and k 2 , respectively. The symbol Ai|/ again represents the misalignment of the 45° splice in the 
depolarizer 1 0*. and the effective misalignment caused by polarization dependent loss within the lengths L-, arid L 2 . This 
splice in depolarizer 10' again has the angular relationship of 45°+A\|/ 

Since the value of the function depending on the optical fiber parameters arid lengths L 1 arid L 2 will again be oh the 
order of unity, the magnitude of the intensity error will depend on the quality of polarizer 15, represented in the last 
equation by its extinction coefficient c, the amount of misalignment error Ay, and the source coherence function y(x a ) 
with the polarization components represented thereby delayed one with respect to the other by the delay through added 
insert fiber 1 5". In view of the extinction ratio for polarizer 15 appearing in the last equation for the intensity error as the 
square thereof, a well designed polarizer having its extinction coefficient on the order of 60 db permits Ay to be on the 
order of several degrees and still result in the intensity error being negligible. The presence of the source coherence 
function reinforces this tolerance since its typical value, given above as hundredths to a tenth or more, further acts to 
suppress this intensity type phase error. This added source of error suppression would also aid in permitting use of a 
lesser quality polarizer. 



In this last expression, the various matrices and the symbols therein have the same meaning they had in connection 
with the equation relating the electric fields at the "wavy" reference line to the source emission electric fields in the anal- 
ysis of the system of Figure 7 except that x b is the relative polarization component delay in length 15'. 

Following the analysis steps generally given above for the previous systems, the numerator of the total amplitude 
polarization phase error A <j> Am ^ ITot for the system of Figure 10B is found to be 



IntenTot " 

2e 2 Av T (t a )/([t,],[t 2 ]), 
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5 

and the other values for 

10 

obtained from the analysis are pot set put here since only the complex degree of coherence of source 1 1 in the numer- 
ator of A <|>AmpiTot' nav ' n 9 the system imposed relative polarization component delays in its argument as given in the last 
equation, is needed for the purpose of designing the system of Figure 10B to reduce or eliminate the amplitude related 
phase error. In the last equation, M a = -1,0,1 and M b = - 1,0,1 and finally N = ±1,±2,±3. 

15 Evaluating the denominator A 4>AmpiToi-d f° r A ^AmpiTot again gives a result for the system of Figure 10B very much 
like that for the system of Figure 2 in that a complex degree of coherence function is again present therein as will be set 
out below. Here too, again imposing the signal fading criteria used with that system permits the system of Figure 10B 
to reduce or eliminate the amplitude related phase error while also preventing signal fading. 

As the result above for the system of Figure 10B shows, the source complex degree of coherence function in the 

20 last expression, y*(x p +M a x a +M b x b +Nx d ) , must again be effectively kept at a relatively small value by choosing each 
of the results of combining (i) the difference in propagation time for electromagnetic waves propagating in the transmis- 
sion blocking axes of polarizer 15, x p , alternatively (ii) with each of the integral multiples of the difference in propagation 
time of such waves in the "x" and "y" axes of added insert 1 5", M a x a , with each such alternative having in turn added 
thereto (iii) alternates of the integral multiples of the difference in propagation time of such waves in the "x" and the "y" 

25 axes of added insert 15', with each resulting one of the foregoing alternatives having in turn added thereto (iv) 
alternates of the integral multiples (N = 0 excluded) of the difference in propagation time of such waves in the "x" and 
the "y" axes of section 10" of depolarizer 10\ Nx d . to have a value for which this complex degree of coherence function 
is negligibly small. Here too, in avoiding signal fading, the source complex degree of coherence function 
y(Nt d +Q a 2x a +Q b 2x b ) , where Q a ,Q b = -1 ,0,1 , must be simultaneously kept at a small value by choosing each of the 

30 results of combining (i) the integral multiples of the difference in propagation time of the waves in the "x" and the "y" 
axes of section 10" of depolarizer 10', Nx d , alternatively (ii) with each of the integral multiples of the difference in prop- 
agation time of such waves in the "x" and the "y" axes of added insert 15", Q a x a , with each such alternative having in 
turn added thereto (iii) alternates of the integral multiples of the difference in propagation of such waves in the "x" and 
the "y" axes of added insert 15', Q b x b , to have a value for which this complex degree of coherence function is acceptably 

35 small. In other words, the polarization state preserving elements after source 1 1 are together chosen to have selected 
polarization component propagation time differences to keep the amplitude related phase errors relatively small, and to 
avoid significant signal fading. 

Hence, polarizer 15 must again be chosen in the system of Figure 10B (or Figure 10A) to have a certain difference 
in time between electromagnetic waves propagating therethrough and the blocking and transmission axes thereof, as 

40 must the lengths of polarization maintaining optical fiber for section 10" of depojarizer 10\ of added insert 15", and of 
added insert 15' to set the total delay time between waves propagating in the fast and slow axes thereof. This polarizer 
1 5 time delay between wave polarization components propagating therethrough, and the delays resulting in these com- 
ponents from the lengths chosen for polarization-maintaining optical fiber sections 10" and 10'" of depolarizer 10*. and 
of polarization-maintaining optical fiber added inserts 15" and 15', must be such that x p +M a x a +M b x b +Nx d (N*0) have 

45 values along the time delay axis oyer which the complex degree of coherence of source 1 1 is measured that fail 
between the peaks of that function where it has relatively low values. Similarly and simultaneously, the delay associated 
with the choice of length of polarization-maintaining optical fiber 10" and the delay associated with the choice of length 
of polarization-maintaining optical fiber inserts 1 5" and 1 5' must also be such that Nx d +Q 3 x a +Q b x b (N*0) has values 
along the time delay axis over which the complex degree of coherence function of source 1 1 is measured that fall 

so between the peaks of that function where it has relatively low values, and such that x b has values on this axis at which 
this function is also simultaneously small. 

The choice of relative polarization component propagation delay times for polarizer 15, sections 10" and 10 m of 
depolarizer 10*. and added inserts 15" and 15' which has been found satisfactory for the system of Figure 10B (and so 
for the system of Figure 10A) is one having delay time x p associated with polarizer 15 (plus any length of polarization- 

55 maintaining optical ftoer extending therefrom to a spjice with added inserts 15" or 15' or both) to be equal to a multiple 
of a retardation interval jn the source complex degree of coherence function, i.e. set x p = m ,t r where m, is an integer. 
Similarly, the length of added optical fiber insert 15" will be set such that there is a delay x a associated therewith which 
is a multiple of a retardation interval in the source complex degree of coherence function as will the length of added optk 
cal fiber insert 15', that is, set x a = m 2 x r and x b = m 3 x r where m 2 and m 3 are integers. With these choices, the polar- 
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ization component relative propagation time delay associated with section 10" of polarizer 10* is again set to be equal 
to a fraction of a retardation time interval of the source complex degree of coherence function, or x d = m 4 x r where m 4 
is a fraction. 

A good choice for m 1 is to choose m 1 = 1 if polarizer 15 is a good quality polarizer with a suitably small extinction 

5 coefficient, otherwise = 2 would be chosen to put this delay value on a smaller peak of the complex degree of coher- 
ence function for source 1 1 . Then, rr^ = 2 would be chosen if m 1 = 1, but otherwise rrig = 1 would be chosen if rr^ = 2 
so that no allowed sum of the delays can add to zero with the choice of rr^ = 4 being necessary to avoid the chance of 
too much blocking by polarizer 1 5 of electromagnetic waves emitted by source 1 1 since x b would then be on a relatively 
low peak of the source coherence function. The fractional value of m 4 is then chosen as before as m 4 = 1/4. 

10 With this choice, the degree of polarization J 5 of electromagnetic waves entering coil 10 is y{x a = 2t r or x r ) so 
that this function is evaluated at a peak in the source coherence function. Thus, this will be a relatively large value leav- 
ing substantial partial polarization in these waves, perhaps as much as ten percent polarized. 

Again, of course, any dispersion present over the optical path from source coupler 12 through coil 10 and back 
means increased delays. Such delays may be fixed delays or group delays, or several differing group delays one in each 

15 of several corresponding frequency bands, and the resulting broadening of the delay into ranges of delay must at least 
be taken into account in determining the propagation time differences between electromagnetic waves traveling through 
polarizer 15, couplers 12 and 17, polarization-maintaining optical fiber insert 15" or 15', or depolarizer 10\ or through 
an optical integrated circuit which may be used for optical phase modulator 19 and loop coupler 17, for instance. The 
ranges of delays resulting from the broadening of the propagation time differences from single values to effectively a 

so range of values requires that the appropriate ranges of delays must be then be kept oh the peaks, or between the 
peaks, as appropriate, of the source complex degree of coherence function to keep at or near the value intended for 
that function. Thus, many of the same, or closely related, considerations go into the making of the choices for th£ delay 
values as went into the similar choices made in connection with the system of Figure 2. 

The last statement also applies to the situation resulting if polarization dependent losses occur such as in loop cdu- 

25 pier 1 7, as previously described, so that additional amplitude phase error terms become significant and thus appear in 
the equation for A 4> A bipnbt-as which can be obtained for the system of Figure 10B (and so for Figure 10A) though riot 
explicitly set forth in this analysis. Such additional terms will generally have the forms 

k fl » +c ^.1^T(v^ + ^. . .... \ 

II 



where Q k , Q b = -1 ,0, 1 , and 



45 The symbols P u and P v are again the electromagnetic wave powers for the waves emitted along the orthogonal axes of 
source 1 1 . The first two of these last three equations suggests that m^ m^ arid m 3 should not be chosen to be of equal 
magnitudes in setting values for x^ Xg and x^ above since then the argument of the complex degree of coherence func- 
tion in the second equation could thdn take a value of zero, a result which would teari to errors due to polarization 
dependent loss that may be unacceptably large. 

so Should the polarization dependent loss be too great, the complex degree of coherence function in the equation 

suggests that depolarizer delay x p may have to be placed on a peak of the source complex degree of coherence func- 
tion or delay axis further out than the peak to keep errors due to this loss sufficiently small. Thus, many of the same 
considerations with respect to polarization dependent loss in the system of Figure 10B (and so in Figure 10A) must be 
taken into account in the same manner as they were in connection with the system of Figure 9. 

55 The other type of phase error associated with the system of Figure 10B (and so Figure 10A), as in systems previ- 
ously described, is the total intensity related error A <t>| nt Tot across at least the spectral width of source 11. This again 
requires evaluating the general expression therefor given above in terms specifically for this system. Substituting the 
corresponding transfer matrix elements in that expression is the basis upon which to proceed to find this error. 

The analysis proceeds much as the analysis did for determining the amplitude related phase error for the system 
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of Figure 2 by substituting in the general expression for the intensity error the appropriate transfer matrix elements. Here 
too, the steps in this analysis will not be repeated due to the similarity of the earlier analysis. As before, the phase error 
related to intensity turns out to be relatively significant with just a single term in the resulting equation found for the error 
having the potential to give a magnitude which could be sufficiently large so as to add significantly to the total phase 
5 error. That term is of the form 

A4Wo, = 2e^^Y(T t ±T 4 )^([L ! ],[I 7 ]) > 

10 - , 

again with J^dL^.JL^) representing a function of the matrix dements in the matrix operators [L^ and [L 2 ] representing 
optical fiber lengths L 1 and L 2 , respectively. The symbol A y again represents the misalignment of the 45° splice in 
depolarizer 10', and any effective misalignment caused by polarizer dependent loss within the lengths L 1 and L 2 . Here 
too, this splice in depolarizer 10* has the angular relationship of 45° -Ay. 

75 Again, the value of the function ^ ([ L il.[!-2]) wi " be in tne order of unity. As a result, the magnitude of intensity 
errors shown in the last equation depends primarily on the quality of polarizer 15. as represented in the last equation 
by its extinction coefficient c, and the amount of the misalignment error A y along with the value of the source coherence 
function Y(x a ±x b ) yyhich has the polarization components represented thereby delayed with respect to one another by 
the combinations of the delays through added optical fiber inserts 15" and 15'. A well designed polarizer having its 

20 extinction coefficient on the order of 60 db means that the dependence of the intensity error on the polarizer will be 
small because of the extinction coefficient appearing as a square in the last equation. If such a polarizer is used, A y 
can be several degrees with the intensity error still being negligible. The presence of the source coherence function in 
the intensity error equation should reinforce this tolerance since its typical value will be relatively small in view of the 
value of x b chosen to be on the fourth peak of that function wjth x a on the second peak in the choice selected above. If 

25 sufficiently small, the coherence function as an added source of error suppression would also allow either the use of a 
lesser quality polarizer or a few more degrees of misalignment Ay. 

As an alternative to the systems of Figures 2. 6, 7. 8. 9, 10A and 10B in which phase modulator 19 was described 
as being either an optical f iber stretching type of phase modulator or an integrated optic chip type of phase modulator, 
Figure 1 1 shows an integrated optic chip, 30, used to provide not only the desired phase modulator but also the polar- 

30 izer and the loop coupler used jn the systems of Figures 2, 6, 7, 8, 9, 10A and 10B as could be done on these systems 
also. Such an arrangement is especially useful in a closed loop fiber optic gyroscope as opposed to an open loop fiber 
optic gyroscope, this latter system merely using the output signal of phase detector 23 to give a direct indication of the 
rotation rate sensed about its sensing axis perpendicular to the plane in which the coil is substantially wound. 

in the closed loop system, the output signal from phase detector 23 is, after some manipulation, used to null the 

35 phase change caused between the dockwise and counterclockwise waves propagating through coil 10 as a result of 
rotation of coil 10 about its sensing axis. Typically, the feedback signal from phase detector 23, after various possible 
manipulations, is introduced into the electromagnetic waves propagating past loop coupler 17 in coil 10 either through 
haying it added to the signal provided by bias. modulation generator 20, or separately by use of a further phase modu- 
lator provided just for introducing this feedback signal. In the first instance, the feedback signal from phase detector 23, 

40 after manipulation, would be introduced into the optical subsystem shown in Figure 1 1 at a dashed line, 31, and in the 
second instance the feedback signal would be introduced at an alternative dashed line, 32. 

If the feedback signal in the first instance, provided at line 31 , is to be combined with the signal from bias modula- 
tion generator 20, a signal combining means, 33, j S uset j having each of these signals as inputs thereto. Alternatively, 
if the second instance is chosen of a separate phase modulator being provided for introducing the feedback signal, the 

45 feedback signal on input dashed line 32 will be routed to such an additional phase modulator, 34, which is shown 
formed about a waveguide in integrated optics chip 30 to thereby influence electromagnetic waves propagating through 
that waveguide by virtue of the electrooptic effect. 

The other portions of integrated optics chip 30 represent counterparts to the optical components introduced in the 
systems of Figures 2, 6, 7, 8, 9, 10A and 10B, these components including a polarizer, 35, a • Y" junction of waveguides 

so to form a (oop coupler, 37, and a phase modulator, 39, also operating about the same waveguide as would phase mod- 
ulator 34. if used, and similarly making use of the electrooptic effect. Some kinds of integrated optics chips do not need 
any special or added structure for a polarizer since the waveguides therein substantially attenuate one of the orthogonal 
polarization components attempting to propagate therethrough. In that situation, polarizer 35 should be considered 
omitted in Integrated optics chip 30 and thus is shown onjy as a dashed line block in Figure 11. 

55 The output of signal combining means 33. if used, becomes the input for phase modulator 39. Otherwise, phase 
modulator 39 is energized directly by bias modulation generator 20 shown by the solid line continuing from bias modu- 
lation generator 20 straight through signal combining means 33 to phase modulator 39. If signal combining means 33 
is used, the solid line therethrough should be considered omitted in Figure 1 1 . 

The signal to be fed back in a closed loop system is usually desired to be a serrodyne, or "sawtooth** waveform sig- 
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nal, as this waveform allows nulling out a constant phase difference due to a constant input rate. Such a waveform will 
have substantial high frequency content, and an integrated optics chip is needed in these circumstances because of the 
wide bandwidth that a phase modulator formed in such a chip offers compared to the bandwidth of a phase modulator 
in which a length of the optical fiber is stretched and relaxed to provide the desired phase modulation iherein. 
5 A polarization-maintaining optical fiber extending from source directional coupler 12 is shown in Figure 1 i coming 

to a splice with a polarization-maintaining optical fiber extending from the waveguide of chip 30 leading to polarizer 35 
therein. At this splice, the "x" axis of each fiber is aligned with one another as are the "y" axes of each. Alternatively, the 
polarization-maintaining optical fiber extending from source coupler 12 could be directly connected to the waveguide in 
optics chip 30 leading to polarizer 35 therein. In that situation, the "x" axis of this fiber is aligned with the waveguide such 
10 that electromagnetic waves passing therethrough from source coupler 12 will reach the transmission axis of polarizer 
35 with relatively little loss (or aligned with the transmission axis of that waveguide if it passes one polarization mode in 
that axis and blocks the other orthogonal mode inherently without any need for polarizer 35). 

On the opposite side of integrated optics chip 30 in Figure 1 i , a pair of pblarization-rhaintaining optical fibers exten- 
sions extend to splices with two further polarization-maintaining optical fiber segments, 16"" and 10* Each of these 
15 extensions has its "x" axis aligned with the transmission axis of polarizer 35 or of the waveguides of chip 30 in the 
absence of a polarizer. The upper polarization-maintaining optical fiber extension in Figure 1 1 is joih^J in a splice with 
polarization-maintaining optical fiber segment 10"" such that the principal birefringent axes of the segment 10"" are at 
equal angles (45°) with the principal birefringent axes of this fiber extension extending from integrated optics chip 30. 
The other end of optical fiber segment 10"" is spliced with the ordinary single spatial mode optical fib£r making up much 
20 of coil 10. The length of optical fiber segment 10"" will result in a polarization component relative delay therethrough 
designated x d . . * 

Similarly, polarization-maintaining optical fiber segment 10 v is spliced to the pdlafizatioh-maihtaining optical fiber 
extension extending from the lower waveguide of integrated optics chip 30 in Figurie 1 1 such that the principal Birefrin- 
gent axes of each on opposite sides of the splice make equal angles with brie another, or 45° angles. The other end of 
25 optical fiber segment fiber 10 v is connected in a splice with the ordinary single spatial mode optical fiber forming most 
of coil 10. The length of optical fiber segment 10 v is chosen to give a relative polarization component delay for electro- 
magnetic waves propagating therethrough of substantially twice that of segment 10"" and so designated 2x d . 

Alternatively optical fiber segment 10"" can be connected directly to the edge of integrated optics chip 30 at the 
waveguide forming the upper branch of "Y" coupler 37 in Figure 1 1 , the principal birefringent axes of segment 10"" each 
30 being at an equal angle with respect to the direction of polarization of electromagnetic waves which will emanate from 
this upper branch waveguide along the transmission axis of polarizer 35 or of the chip waveguides if polarizer 35 \i not 
needed. Similarly, optical fiber segment 10 v can also be joined directly to integrated optics chip 3d at the lower branch 
waveguide leading from "Y" coupler junction 37 in Figure 1 1 again with its birefringent axes at equal angles to the polar- 
ization direction of electromagnetic waves which will emanate from chip 30 along the transmission axis of this 
35 waveguide or of polarizer 35. The other numerical designations Used in Figure 1 1 for the various device^, trarismissibh 
paths, and blocks shown there are the same as those used for corresponding items in Figure 2. 

In either arrangement, the 45° splice at the left end of optical fiber insert 1 0"" in effect forms a depolarizer in series 
with the upper branch of "Y n junction coupler 37. Similarly, optical fiber segment 1 0 V forms depolarizer in £ertes with the 
lower branch of "Y" junction coupler 37 in either connection alternative for optical fiber T0 V : The presence of these two 
40 depolarizers in coil 1 0 provides the averaging of the polarization components desired to reduce thb external magnetic 
field sensitivity of the system of Figure 11. 

As stated above, a separate polarizer 35 is shown in integrated optics chip 30, even though in some constructions 
of such chips the waveguides themselves are essentially polarizers so that they substantially pass only one polarization 
component with the other being substantially attenuated beicause of th£ nature of the waveguide itself. In other irlte- 
45 grated optics chip constructions, the waveguides can support bottf orthogonal polarization components and a metal 
strip across the waveguide is used as a specific polarizer to substantially attenuate one of the polarization components. 
However, in either situation, just as for polarizer 15 in the systems of Figures 2, 6, 7, 8, 9, 10A and 10B, the polarizing 
action is not perfect in integrated optics chip 30, and therefore a strong polarization component will pass along the 
waveguides to reach coil 10* and there will also be an attenuated orthogonal polarization component passing aiong the 
so waveguides to also reach coil 10. The relative delay between these two components propagating from a coupling point 
between source coupler 12 and integrated optics chip 30 (here arbitrarily marked with an "x" at the splice immediately 
to the left of the "wavy" reference line assuming use of a pblarization-rhaintaining optical fiber extension from chip 30 to 
the splice) to the "Y" junction of coupler 37 and through its upper branch to the splice with optical fiber segment 10"" 
will be designated xioc-u- Similarly, the relative polarization component delay from the sarnie coupling point to the left of 
55 integrated optics chip 30 to "Y" junction coupler 37 and through the lower branch thereof to the splice with optical fiber 
segment 10 v will be designated x, oc .j. 

Once again, an analysis of the system of Figure 1 1 , proceeding in the manner followed for the system of Figure 2, 
starts with a composite Jones matrix as an operator oh the expression for the electromagnetic waves appearing at the 
"wavy" reference line to the left of integrated optics chip 30 propagating in one of the two opposite directions through 
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coil 1Q, here the clockwise direction. Again, accepting the same limitations as before, the composite matrix operator for 
the system of Figure 1 1 is written as 
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where the matrix [LJ represents the length of ordinary single spatial mode optical fiber in coil 10 from the splices with 
that fiber and fiber segments 1 0"" and 1 0 V . As before, this matrix has the generai form 
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Since the phase modulator, or modulators, are now in integrated optics chip 30, the matrix [LJ represents only that 
length of fiber. 

Four of the other matrices in the composite matrix for have a corresponding delay parameter therein identifying 
which component or portion of the system of Figure 1 1 it represents. The remaining two matrices, each having 1/V2~ 
with one or the other algebraic sign as each of the elements thereof, represent the 45° splices involving optical fiber 
segments 10"" and 10 v . The parameter p-j again represents the splitting of the electromagnetic waves between the 
waveguides in loop directional coupler 37 and losses therein. 

As before, this last composite matrix operator for the system of Figure 1 1 has some terms in those products of the 
corresponding transfer matrix elements needed to evaluate A<p Amprrot which have t d appearing therein and some terms 
that do not have thaj parameter appearing therein. Those terms in such products which do not have x d appearing in 
them again sum to zero because of the presence of the depolarizers associated with optical fiber segments 10"" and 
10 v if the losses in coil 10 and optical fiber segments 10" M and 10 v are polarization independent. This conclusion comes 
about in much the same manner as did similar conclusions for the systems of Figures 2 and 9, and so will not be shown 
here. The losses through optical integrated circuit chip 30 are, of course, desjred to be polarization dependent, includ- 
ing through "Y" junction coupler 37, sjnce the chip acts as the system polarizer. 

The products of the composite matrix operator elements needed to evaluate A<p Amprrot will not be set out here as 
the analysis is quite similar to that used in connection with the system of Figure 2. The result of such an analysis of the 
system of Figure 1 1 shows that there is a sum involving two complex degree of coherence functions in the numerator 
of A <PAmpiTot. each of which must be made negljgibly small for the purpose of reducing or eliminating the amplitude 
related phase error, these functions being y(T| OC -u+ N ^dj an d Y(?ioc-i+ M fd). her© N=-3,-2, -1 , 1 , 2 or 3 and M=-3, -1 , 1 or 
3. Again, evaluating the denominator A<p AmplTot _ d for A<p ArTjplTot gives a result very similar to that for the system of Figure 
2, and so again imposing the signal fading criteria used wjth that system permits the system of Figure 1 1 to reduce or 
eliminate the amplitude related phase error while also preventing signal fading. 

Hence, the complex degree of coherence functions just given must each be kept relatively small by choosing the 
sums of (i) the difference in propagation times for electromagnetic waves propagating in the transmission and blocking 
axes of integrated optics chip 30 (whether determined by polarizer 35 or the waveguides) in the upper and lower 
waveguide branches, either x, oc . u or tiqc-i. P'us alternatively (ii) the corresponding integral multiples (N=0 and M=0 
excluded) of the difference in propagation time of such waves in the "x" and "y" axes of segment 10 H, \ at values for 
which these functions are negligibly small. Also simultaneously, to avoid signal fading, source complex degree of coher- 
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ence function y(Nx d ) must be kept at a small value (excluding the N=0 situation) by choosing the propagation time dif- 
ference of electromagnetic waves in the "x" and the "y° axes of segment 10"", x d , to have values such that this function 
is negligibly small. 

Thus, optical integrated chip 30 must be chosen in the system of Figure 1 1 by size and waveguide construction to 
have a certain difference in time between electromagnetic waves propagating therethrough in the blocking and trans- 
mission waveguides thereof, as must the length of polarization-maintaining optical fiber for segment 1 0"" to set the total 
delay time between waves propagating in the fast and slow axes thereof This chip 30 time delay and the delays resulting 
from the lengths chosen for polarization-maintaining optical fiber sections 10 ,m and 10 v must be such that T, oc _ u +Ni d 
and x, oc _,+Nx d (N*0) have values along the time delay axis over which the complex degree of coherence of source 1 1 
is measured that fall between the peaks of that function where it has relatively low values. Similarly, the delay associ- 
ated with the choice of length of polarization-maintaining optical fiber 10" must also be such that Nx d (l\M)) has values 
along the time delay axis over which the complex degree of coherence function of source 1 1 is measured that simulta- 
neously fall between the peaks of that function where it has relatively low values. 

In this regard, the size of integrated optics chip 30 (or chip 30 plus appropriate polarization-maintaining optical fiber 
extensions from the waveguides therein), insofar as the relative polarization component delays therethrough given the 
waveguide construction therein, is chosen for the system of Figure 1 1 such that X| 0 c-u and tiqc-i are each at a multiple 
of a retardation interval, that is, x , 0 c-u= m 1 T r and ioc- i= m 2 T r ■ Again, x d then is chosen as a fraction of a retardation 
interval, or x d =m 3 x r where m3 is a fraction, with m 3 =1/4 again being a good chbice. 

Typically, n^ and m 2 may be set to each equal 2 to be assured that the amplitude phase error is sufficiently reduced 
even though difficulties not covered in the above analysis occur such as some of the optical losses not being entirely 
polarization independent. If losses in the system of Figure 1 1 are polarization dependent, additional amplitude phase 
error terms will become significant and appear in the equation for A<pA mp ,f ot _a S which can be obtained tor the System of 
Figure 1 1 but have not been set out here. Such additional term§ will generally have the forms 

(4;-s; + c c J -i);)^ EY (, ;oc .„) 

it 

and 

(-x^B^c^D c 2 )^0^Y(x /oc . f ). 



If the delay times X|5 C _ U and x,5 c .j associated with the upper and lower waveguide" branches of chip 30 are set equal 
to a multiple of a retardation interval in the source complex degree of coherence function as iugg^stexj above, the# 
additional error terms will be significant in the circumstances since the complex degree of coherence function involved 
will be relatively large. Hence, setting delay times x !0 c- u and X|6 C _| to a multiple of the source retardation interval greater 
than one will substantially reduce this source of error because of the significant diminution in peak values With increas- 
ing multiples of the retardation interval in the source complex degree of coherence function. 

The system of Figure 1 1 also can exhibit the intensity type of phase error as generally found above, and finding the 
total intensity type related error, Aq>| ntenTot , across at least the spectral width of source 1 1 requires once again evaluating 
the general expression therefor given above but specifically for this system. This is achieved by again substituting the 
corresponding transfer matrix elements therein. 

As before, such an analysis, based on substitutions of the appropriate transfer matrix elements, proceeds rhuch £s 
the analysis did in the determination of (the amplitude related phase error for the system of Figure 2. Also again, the 
steps in this analysis will not be repeated here as the phase error related to intensity turns out to be relatively insignifi- 
cant. Once again, just a single term in the resulting equation found for the intensity error has the potential to give a mag- 
nitude which could he sufficiently large to add appreciably to the total phase error That term is of the form 

where e is the extinction ratio for the polarization effect in chip 30 whether due to a specific polarization structure 35 or 
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the inherent polarization properties of the waveguides in chip 30. 

Thus, the magnitude of the intensity error will depend on the quality of polarizer 35 (or of the inherent polarization 
of the waveguides in chip 30), represented in the last equation by its extinction coefficient c, and the source coherence 
function yfrioc-u^ioc-i) with the polarization components represented thereby having a difference in the relative polari- 

s zation component delays through the upper and lower branches of the waveguides in chip 30. Since the extinction ratio 
for polarizer 35 (or the waveguides of chip 30) appears in the last equation for the intensity error as the square thereof, 
a well designed polarizer having its extinction coefficient on the order of 60 db permits the intensity error to be negligi- 
ble. The presence of the source coherence function could reinforce this tolerance if the upper and lower branch relative 
polarization component delays differ significantly since this function can be made to range in value from hundredths to 

70 a tenth or more to further act to suppress this phase intensity error. This added source of error suppression would also 
aid in permitting use of a lesser quality polarizer. 

As an alternative to the system of Figure 1 1 making use of integrated optics chip 30 for closed loop operation, polar- 
ization-maintaining optical fiber segment 10 V can be transferred to the opposite side of coil 10 to be spliced in a 45° 
splice with polarization-maintaining optical fiber segment 10"". This results in effectively a single depolarizer on the coil 

15 side of loop coupler 1 7 rather than two effective depolarizers as in the system of Figure 1 1 . Such a system is shown in 
Figure 12 where this transferred polarization-maintaining optical fiber segment spliced to segment 10"" is now desig- 
nated 10 v . The other numerical designations used for the devices, transmission paths and blocks in the system of Fig- 
ure 12 are the same as those used* for corresponding items in the system of Figure 11. The remaining end of the 
ordinary single mode optical fiber in coil 10 formerly spliced to fiber segment 10 v is then abutted, or spliced, directly to 

20 the edge of integrated optics chip 30 at the waveguide forming the lower branch of "Y" coupler 37 in Figure 12 or, alter- 
natively, to an extension length of polarization-maintaining optical fiber extending from the lower waveguide of inte- 
grated optics chip 30. 

Thus, polarization-maintaining optical fiber segment 10 v is spliced to polarization-maintaining optical fiber segment 
10"" such that the principal birefringent axes of each on opposite sides of the splice make equal angles with one 
25 another, j.e. 45° angles. Again, segment 10 ,,H has its opposite end spliced to the ordinary single-spatial mode optical 
fiber comprising most of coil 10. Segment 10"" has a length resulting in a relative delay of orthogonal polarization com- 
ponents propagating therethrough of x d as in the system of Figure 11. 

The opposite end of optical fiber segment 1 0 V ' can again be spljced to a polarization-maintaining optical fiber exten- 
sion extending from the upper waveguide of integrated optics chip 30 in Figure 1 2, and such a splice can be made with 
30 any angle 0 between the principal birefringent axes in the two polarization-maintaining optical fiber portions on either 
side of that spljce. Alternatively, that same end of optical fjber segment 10V' can be abutted, or spliced, directly to the 
edge of integrated optics chip 30 at the waveguide forming the upper branch of ■ Y M coupler 37 in Figure 12. This joining 
can be made at any angle G with respect to the direction of polarization of electromagnetic waves which will emanate 
from this upper branch waveguide i.e. at any angle with respect to the transmission axis of polarizer 35 or of the inher- 
35 ently polarizing waveguide without the presence of polarizer 35. As a further alternative, the extension from integrated 
optics chip 30 to optical fiber segment 10 v * can be provided using ordinary single spatial mode optical fiber entirely 
instead of any polarization-maintaining optical fjber in this extension. 

The delay T| 0 c- U between the orthogonal polarization wave components for the electromagnetic waves propagating 
in the upper waveguide branch in chip 30 is measured from the coupling point to the left of chip 30 to the edge of chip 
40 30 at which optical fiber segment 10 v " receives light from that chip. Alternatively, if a polarization-maintaining optical 
fiber extension is used in the system of Figure 12 in connection with the upper branch of coupler 37 as was done in the 
system of Figure 11 , the delay then is then measurecl over a path extending to the splice of that extension with segment 
1 0 V . Segment 10 v is twice as long as segment 1 0 MM wjth a relative polarization component delay of 2x d . 

In any event, a single depolarizer adjacent the upper branch of coupler 37 is formed with optical fiber segments 
45 1 0"" and 1 0 V . The use of such a single depolarizer in coil 1 0 used with chip 30 results in depolarized electromagnetic 
waves being introduced into that coil; however, the sensitivity of the system of Figure 12 to external magnetic fields is 
no longer suppressed as it was for the system of Figure 11. 

As before, a analysis of the system of Figure 12, proceeding in the manner followed for the system of Figure 2, 
starts with a composite Jones matrix as an operator operating on the expression for the electromagnetic waves appear- 
so ing at the "wavy" reference line tp the left of integrated optics chip 30. Accepting again the same limitations as before, 
the composite matrix operator for the system of Figure 12 is written as 
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where the middle row of multiplied matrices represents the depolarizer. 

The other matrices in this composite matrix operator are associated with components ih the system of Figure 12 
by the corresponding delay parameters or length occurring therein with the exception of that matrix involving the angle 
e. This angle is the angle indicated above between the biref ririgerrt axes of optical fiber segment 10 v ' and those of a 
polarization-maintaining optical fiber extension extending from the upper waveguide of coupler 37 in integrated optics 
chip 30 as in Figure 1 1 , or with the direction of polarization of waves emanating from that waveguide in the absence of 
any such extension in which segment 1 0 V is directly spliced to chip 30. Again, that polarization direction is set either by 
polarizer 35 or the inherent polarization direction of the waveguides ih chip 30 in the absence of any heed for polarizer 
35 because of the polarizing nature of these waveguides. The ordinary single mode optical fiber of coil 10 from the 
splice with segment 10"" to the splice with the lower waveguide branch of chip 30, or to any polarizatibn-maintainirig 
extension therefrom, is again represented by matrix [LJ without any other optical components being represented 
thereby. 

Once more, this last composite matrix operator for the system of Figure 12 has some terms in those products 6f 
the corresponding transfer matrix elements needed to evaluate A^Aj^pitot which have k$ appearing therein, and some 
terms without that appearance therein. As before, those ternis in such products which do not have T d appearing therein 
again sum to zero because of the presence of the depolarizer in coil 10 if the losses in integrated optics chip 30, coil 10 
and optical fiber segments 10"" and 10 v * are polarization independent. The situation with respect to polarization inde- 
pendent losses in coil 10 and chip 30 is essentially the same in the system of Figure 12 as it is in the system of Figure 
11. ■ ' . . . 

Because of the similarity with the analysis used for the system of Figure 2, the products of the composite matrix 
operator elements needed to evaluate A<p Amp iT6t for the system of Figure 12 will not be set out here. The result of such 
an analysis of the system of Figure 12 shows that there is again a sum irivoivihg two complex.ciegree of coherence func- 
tions in the numerator of A^mpiTo!' eacn °* which must be made negligibly small for the purpose of reducing or elimi- 
nating the amplitude related phase error. These functions are for the most part, just as they were for the system of 
Figure 1 1 , yfrioc-u+NTci) and y^foc-l+M^d) where N and M equal -3, -2, -1,1, 2, or 3. However, setting e=0° makes seg- 
ment 10 v ' (and any polarization-maintaining optical fiber extension between chip 30 and that segment) in Effect an 
extension of the upper waveguide in chip 30 with the result trtese complex degree of coherence functions become 
yfrioc-u+Nhd). where N=-1 - t 0 or 1, and YO r ioc-i +M *d). where M=-1, or 1. 

Similarly, in this situation for angle 9=0, the evaluation of the denominator term A(p AmprrotKj also changes, which 
value generally would otherwise give a result similar to that for the systems of Figures 2 and 1 1 That is, the V axis of 
optical fiber segment 10 v ' is aligned with the polarization of the electromagnetic waves emanating from chip 30, or with 
one of the principal birefringent axes of any polarization-maintaining optical ffoer extension between chip 30 and seg- 
ment 10 v '. In that alignment, the denominator term has the complex degree of coherence function in it of y(x d ) rather 
than one having relative polarization component delays depending on multiples of i d . 

As before for the system of Figure 1 1 , the numerator complex degree of coherence functions just given above for 
the system of Figure 1 2 must each be kept relatively small by choosing the sum of (i) the difference in propagation times 
for electromagnetic waves propagating in the transmission and blocking axis of integrated optics chip 30, either xjoc-u 
or tjoc-i. combined with (ii) the difference in propagation time of such waves in the V and y axes of segment 
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10""(other than the situation of N=0 where just x, OC -u n ©ed meet this criterion), at values for which these complex 
degree of coherence functions are negligibly small. Also simultaneously, to avoid signal fading, source complex degree 
of coherence function y(x d ) must be kept at a small value by choosing the propagation time difference of electromag- 
netic waves in the "x" and "y" axes of segment 1 0"", x d , to have values such that this complex degree of coherence func- 
5 tion is negligibly small. 

These requirements provide an advantage for the system of Figure 12 for this situation in which 6=0° since fewer 
relative polarization component delay values need be located between adjacent peaks in the source complex degree of 
coherence function. Such a result is in contrast to the relatively many delay values required to be located between such 
peaks in the systems of Figures 2, 6, 7, 8, 9, 10A, 1 0B and 1 1 . This locating of fewer delays between adjacent peaks 
10 of this function is more easily accomplished because fewer conditions have to be met by such a system to satisfactorily 
reduce errors. 

Hence, as above, optical integrated chip 30 must again be chosen in the system of Figure 12 by size and 
waveguide construction to have a certain difference in time between electromagnetic waves propagating therethrough 
in the blocking and transmission waveguides thereof, as must the length of polarization-maintaining optical fiber for seg- 
15 ments 1 0 ,,M and 10 v to set the total delay time between waves propagating in the fast and slow axes thereof. This chip 
30 time delay and the delays resulting from the lengths chosen for polarization-maintaining optical fiber sections 10"" 
and 10 v must be such that T IO c-u N ^d an d t|oc-|Mx d have values along the time delay axis over which the complex 
degree of coherence of source 1 1 is measured that fall between the peaks of that function where it has relatively low 
values. 

20 Along these lines, the size of integrated optics chip 30 (or chip 30 plus appropriate polarization-maintaining optical 
fiber extensions from the waveguides therein), insofar as the relative polarization component delays therethrough given 
the waveguide construction therein, is chosen for the system of Figure 12 with 0 *0 such that X| OC . u and x,oc-i are each 
a multiple of a retardation interval (assuming as we have that the intervals are of equal duration), or x ioc-u 22 ™ r and 
T ioc-i =rn 2 T r : A s before, x d is then chosen as a fraction of a retardation interval, or x d =m 3 x r where rri3 is a fraction, 

25 with m 3 = 1/4 being a good choice in the situation for 0=0?. Again, and rr^ may be set each equal to 2 to be certain 
that the amplitude phase error is sufficiently reduced even though difficulties unaccounted for the in above analysis 
occur. 

In the situation of 6=0. xjoc-2 effectively increases to include the relative polarization component delay of segment 
1 0 V . In this circumstance, a good choice for x| OC -u is an integer multiple of a retardation interval plus or minus a quarter 
so of such an interval with x| OC -i being an integer multiple of such a retardation interval. Once again, x d is chosen as a frac- 
tion of a retardation interval, here a half of such an interval. Again, the integer multiple associated with the choices of 
*ioc-u and -*ioc-i ma y be chosen to be greater than one to be assured that the amplitude phase error is sufficiently small. 

As in the system of Figure 1 1 , some of the optical losses in the system of Figure 12 may be polarization dependent, 
and so again additional amplitude phase error terms will become significant and appear in the equation for A<p AmplTo J 
35 as which can be obtained for the system of Figure 1 2 although not set out here. The dominant additional term will have 
the form 



for any value of 0. 

As indicated above, if the delay time x IO c-i a ssociated with the lower waveguide branch of chip 30 is set equal to a 
multiple of a retardation interval in the source complex degree of coherence function as suggested above, this addi- 
tional error term will be significant in the circumstances since the complex degree of coherence function involved will be 
relatively large. Hence, setting delay tirpe x IO c-i to a multiple of the source retardation interval greater than one will sub- 
stantially reduce th|s source of error because of the significant diminution in peak values with increasing multiples of the 
retardation interval in the source complex degree of coherence function. 

Here also, the system of Figure 12 can exhibit the intensity type of phase error and, again, finding the total intensity 
type related error, A<p, nlepTot , across at least the spectral width of source 1 1 requires once more evaluating the general 
expression therefor given above specifically representing this system. This is achieved by again substituting the corre- 
sponding transfer matrix elements therein. , 

Such an analysis, based on substitutions of the appropriate transfer matrix elements, again proceeds much as the 
analysis did in the determination of the amplitude related phase error for the system of Figure 2. Here too. the steps in 
this analysis will not be repeated as the phase error related, to intensity turns out to be relatively insignificant. Assuming 
the relative polarization component delays are chosen as suggested above, just a single term in the resulting equation 
found for the intensity error has again the potential to give a magnitude which could be sufficiently large to add appre- 
ciably to the total phase error. However, the term differs depending on whether 6=0 or 8 *0. In the situation of 0 that 
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term is of the form 

P - P 

PolTran-in 

iTar^li^ T^T" rati ° f0f th6 polarization effect in chi P 30 whether due to a specific polarization structure 
35 or the inherent polanzation propert.es of the waveguides in chip 30. The symbol A v here again represents the mis^ 

SETS J" T sp,ice in ,he depo,ari2er 10 '- this having the angular relatio " shi P S S- 

the tim hal tffe 'form Zat '° n " maintainin9 ,iber ,en9ths on eilher side thereof ° f 4 5°+A V . If. alternatively, the value of 6^0. 

P - P 

A V/^roi e „ Tfj/oc-,. - T /be _, ± Trf ) 

PotTran -in 



As can be seen, the magnitude of the intensity error 0*0 will depend on the quality of polarizer 35 (or of the inherent 
polanzation of the waveguides in chip 30). represented in the last equation by its extinction coefficient s, the amount of 
ZIkT ^ the S ° UrCe coherence ,uncti6n ^.oc-u-.ocv with the polarization components represented 

I^IS^ ' n the t : ela,ive P°^**on component delays through the upper and lower branches of the 

waveguides n ch, P 30. Because the extinction ratio for polarizer 35 (of the waveguides of chip 30) appears in the last 

T Sh h S ,n, T ty err ° r 35 -qUM ther ^ 3 aesi9nea ***** Ha^hg Hs exaction Saff^w SS 

Sle T^e £ °r m,tS * ,0 h be ° n "? ° rder * ***** and = ti " re * u,t in the ™ being neg" 

l.gible. The presence of the source coherence function will not reinforce this tolerance for the suggested values for x,™ 
u and T|oc-i given above as being equal. """".^ioc- 
In the situation of e=0. the source coherence function for the values suggested above for t l6 c „ arid x loc , will rein- 
force the error suppress**, provided by polarizer 15 since its typical value will be quite low. Thus this affinal error 
suppression would aid in permitting use of a lesser quality polarizer aoaroonai error 



Claims 
1. 



A rotation sensor capable of sensing rotation about an axis of a coiled optical fiber (10). said sensing based on 

fiw 0 ^ 9 " 6 !; 0 T 6S pr ° pa9ati "9 in °PP° site directions in said coiled optical fiber (10) to impinge on a photode- 
tector (13) with a phase relationship, said rotation sensor comprising: 

a source (1 1) capable of supplying an emitted electromagnetic wave characterized by an autocorrelation rela- 
tionship over relative retardation time having therein a succession of peak values each separated from any 
other peak value adjacent thereto in said succession by a corresponding retardation interval, said autocorrela- 
tion relationship, for at least a plurality of initial ones of said retardation intervals, having values during a fraction 
of each that are relatively smaller than those said peak values thereof correspondingly adjacent to such retar- 
dation interval fractions; 

a loop coupler (17.37) having a pair of ports on a loop side thereof, and at least one port on a source side 
hereof such that electromagnetic waves, occurring at said source side port, are substantially transmitted 
through a coupling region in said loop coupler (17.37) to thereafter occur at least in part at both of said loop 
side ports, and such that electromagnetic waves, occurring at said loop side ports, are substantially transmitted 
through said coupling region to thereafter occur at least in part at said source side porf 
a first coupling means for coupling said pair of loop side ports of said loop coupler (i 7.37) to corresponding 
ends of said coiled optical fiber (10) such that electromagnetic waves, occurring at said loop side ports are 
substantially transmitted to said dbiled optical fiber (10) to result in electromagnetic waves propagating through 
said coiled optical fiber (10) in opposite directions, a selected one of said first cbupling means and said boiled 
optical fiber (10) further comprising a first depolarizer (lOMO"".^) positioned therein so that electromagnetic 
waves propagating in opposite directions in 

said coiled optical fiber (10) propagate therethrough such that an electromagnetic wave polarization comoo- 
•J^SSR aU firSt de P° lari * t * d0M0-.10 v ) has at least portions thereof exiting said first depolarizer 
(10.10 .10 ) at times differing by at least a first depolarizer base differential propagation time delays 
a polarizer (15.35) having first and second ports each with a corresponding pair of principle polarization axes 
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such that polarized electromagnetic waves, occurring along a transmission axis of said pair of principle polar- 
ization axes of one of said first and second ports thereof, are substantially transmitted to result in polarized 
electromagnetic waves appearing along said transmission axis of that remaining one of said ports, and such 
that polarized electromagnetic waves, occurring along a blocking axis of said pair of principle polarization axes 

5 of one of said first and second ports thereof, are substantially blocked from being transmitted to that corre- 

sponding said blocking axis of that remaining one of said ports but, to that extent to which such polarized elec- 
tromagnetic waves are transmitted to said remaining port blocking axis, there is a polarizer differential 
propagation time delay separating them and corresponding polarized electromagnetic waves appearing along 
said transmission axis of that said port, said polarizer differential • propagation time delay having a value 

w selected therefor being substantially equal to a delay value occurring at an end of any of an initial five of said 

retardation intervals beginning from delay value zero; 

a second coupling means coupling said first port of said polarizer ( 1 5,35) to said source (11) such that electro- 
magnetic waves, emitted by said source (1 1), occur along at least said transmission principle polarization axis 
of said first port; and 

is a third coupling means coupled at one end thereof to said second port of said polarizer (1 5,35) and being cou- 

pled at an opposite end thereof to said source side port of said loop coupler (17,35) and capable of permitting 
electromagnetic waves to propagate therethrough between said ends thereof. 

2. The apparatus of claim 1 wherein said loop coupler (37), said third coupling means and said polarizer (35) are 
20 formed in an integrated optics chip (30), and wherein said first coupling means also comprises at least one phase 

modulator (39) also formed in said integrated optics chip (30). 

3. The apparatus of claim 1 wherein said loop coupler (37) is formed in an integrated optics chip (30) with said polar- 
izer (35) being formed by waveguides in said chip which are inherently polarizing of electromagnetic waves propa- 

25 gating therethrough and with said third coupling means being a portion of such a waveguide, and wherein said first 

coupling means also comprises at least one phase modulator (39) also formed in said integrated optics chip (30). 

4. The apparatus of claim 1 wherein said first depolarizer base differential propagation time delay has a value 
selected to be substantially equal to a fraction of that initial said retardation interval beginning from delay value 

30 zero. 

5. The apparatus of claim 1 wherein said second coupling means comprises at least a portion of a second depolarizer 
(1 1 M 1 1 5') positioned between said polarizer first port and said source (1 1 ) to permit electromagnetic waves to 
propagate therethrough, and which is one of said selected birefringent optical path components. 

35 " 

6. The apparatus of claim 1 wherein said third coupling means comprises at least a portion of a second depolarizer 
(15") positioned between said ends thereof to permit electromagnetic waves to propagate therethrough, and which 
is one of said birefringent optical path components. 

ao 7. The apparatus of claim 5 wherein said third coupling means comprises at least a portion of a third depolarizer (15 M ) 
positioned between said ends thereof to permit electromagnetic waves to propagate therethrough, and which is 
one of said birefringent optical path component. 

8. The apparatus of claim 5 wherein said second depolarizer base differential propagation time delay has a value 
45 selected therefor being substantially equal to a delay occurring at an end of any of said initial five of said retardation 

intervals. 

9. The apparatus of claim 7 wherein at least portions of components of corresponding polarized electromagnetic 
waves exiting from said second depolarizer (1 1\11 m \15') after passing therethrough have at least a second depo- 
se larizer base differentia) propagation time delay separating them, and wherein at least portions of components of 

corresponding polarized electromagnetic waves exiting from said third depolarizer (15") after passing therethrough 
have at least a third depolarizer base differential propagation time delay separating them. 

10. The apparatus of claim 9 wherein said second depojarizer base differential propagation time delay has a value 
55 selected therefor being substantially equal to a delay occurring at an end of any of said initial five of said retardation 

intervals, and wherein said third depolarizer base differential propagation time delay has a value selected therefor 
being substantially equal to a delay occurring at an end of any of said initial five of said retardation intervals. 
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